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ABSTRACT
INTEGRATED PROCESSING OF MUNICIPAL SOLID WASTE FOR MAXIMIZING
WASTE REDUCTION, CARBON RECOVERY AND FUEL PRODUCTION
Kameron J. King
Old Dominion University, 2021
Director: Dr. Sandeep Kumar

Nationally and internationally, waste generation is increasing and along with it negative
environmental impacts. Many people think waste ends at disposal; however, environmental
impacts have already begun. Unfortunately, 50% of waste ends up in a landfill which is the third
largest source of human related methane emissions and a leading cause of global climate change.
This study investigated a novel waste management strategy in hopes of mitigating negative
environmental effects caused by conventional waste management practices. The novelty of the
study lies in the development of an integrated method of hydrothermal carbonization and an
anaerobic digestion (HTC + AD) process using mixed municipal solid waste (MSW). If proven
feasible, this solution could mitigate many environmental issues associated with conventional
incineration and landfilling such as air pollution, groundwater water pollution and limited
landfill space, while maximizing organic carbon and resource recovery. The integrated approach
(HTC + AD) shows organic carbon recovery of 58% in the form of hydrochar and biogas.
This study has investigated carbonization experiments at different times and
temperatures, evaluated aqueous phase and hydrochar properties, and performed a batch
anaerobic digestion bench scale test on the aqueous phase to understand product composition and
aqueous phase biodegradability from a mixed MSW feedstock representative of waste that would
typically go to the landfill. AD of the HTC MSW aqueous phase is feasible; however, improving
digestion with AD enhancements is critical in supporting the integrated HTC + AD process.

There are many studies on hydrothermal treatment of a homogeneous biomass feedstock and a
few studies combining HTC and AD. This study is the first to investigate varying temperature
and time for a heterogeneous feedstock such as mixed MSW and to evaluate the HTC MSW
aqueous phase anaerobic biodegradability.
Ultimately, experimental data was used to simulate upscaling of the combined process to
evaluate energy, efficiency, and costs, not only monetary but to the environment. Life cycle
assessment (LCA) analysis proved that the combined process could offer savings to the
environment in terms of global warming potential (GWP), but usage of the HTC MSW
hydrochar is essential in supporting this proposed waste management system.
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CHAPTER 1
INTRODUCTION
1.1 Background and Literature Review
1.1.1 Environmental Protection Agency (EPA) Municipal Solid Waste Generation, Recycling,
and Disposal in the United States (2018)
Each year the EPA releases the Advancing Sustainable Materials Management: Facts
and Figures Fact Sheet, formerly called the Municipal Solid Waste in the United States: Facts
and Figures. It provides lucrative information for municipal solid waste (MSW) generation,
recycling, composting, and combustion with energy recovery and landfilling and is a major
reference when it comes to solid waste management for the national waste stream. In 2018, 292.4
million tons of trash were generated in the United States (U.S.). This means that each person
produced 4.9 pounds of MSW per day. Out of the 292.4 million tons, 89 million tons was
recycled and composted with a 32.1% recycling rate (U.S. Environmental Protection Agency
(EPA), 2019). For energy recovery, 33 million tons was combusted. Out of the total, 136 million
tons was landfilled. Due to recycling and composting, there was a 181 million metric tons of CO2
equivalent reduction in emissions. Figure 1a shows the increase in MSW generation over the
years from 1960-2018. Figure 1b shows total MSW management by category in 2018.
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Figure 1. (a) MSW generation rates 1960-2018 (b) MSW management in U.S., 2018
(reproduced from (U.S. Environmental Protection Agency (EPA), 2019).

1.1.2 Municipal Solid Waste
Municipal solid waste is also known as trash or garbage which is generated from
disposal. It consists of product packaging, grass clippings, furniture, clothing, bottles, food
scraps, newspapers, appliances, and batteries. MSW does not include industrial, hazardous or
construction waste (Young, 2010). Sources of MSW include residential, commercial,
institutional, and industrial locations. Residential waste makes up 55-65% of the total waste
generated. Commercial waste, consisting of waste from schools, industrial sites (packaging), and
businesses accounts for 33-35% of total MSW generated (Mousdale, 2008). Unfortunately, the
majority (50%) of this generated waste ends up in landfills according to the EPA; this makes
waste to energy technologies very relevant. A major source of greenhouse gases (GHG) come
from a source that many people do not think of after they dispose of it, our waste. Waste is seen
as something that has a definite end, as the fate of much of our waste ends up in landfills;
however, waste has tremendous potential to be used as an energy source as commonly seen in
current waste to energy practices such as incineration.
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Figure 2 shows the waste management hierarchy summarized by the Environmental
Research and Education Foundation (EREF), one of the leading organizations in solid waste
management. It displays waste being routed through the three main pathways of disposal,
diversion, and conversion. Waste conversion capitalizes on the inherit energy value within the
waste for valorization to value added products. This paper will focus on the thermal conversion
of waste via hydrothermal carbonization (HTC) and biological treatment via anaerobic digestion
(AD).

Figure 2. Waste management hierarchy.

1.1.3 Hydrothermal carbonization
HTC is new to industrial-scale operations; however, it was first performed in 1913 by
Bergius to produce coal from cellulose (Funke & Ziegler, 2010). It is used as a scalable
technique to convert wet biomass to carbon-rich solid fuels with operating conditions ranging
from 180-350 ℃. HTC uses subcritical water to convert biomass through the combined
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processes of hydrolysis, dehydration, decarboxylation, condensation polymerization, and
aromatization (Funke & Ziegler, 2010). Residence times can be from minutes to several days,
and pressure rises isotropically within the reactor.
1.1.4 Anaerobic Digestion
Anaerobic digestion is an established method in waste treatment and management.
Anaerobic digestion has a defined process flow that consists of four distinct phases including
pre-treatment, digestion, biogas processing and utilization, and disposal or reuse of solid waste.
In pre-treatment, wastes may be processed, separated, or mixed to ensure that they will
decompose in the digester; during digestion, waste products are broken down by bacteria and
biogas is produced. Digested waste has a high nutrient content and can be used as fertilizer as
long as it is free of pathogens or toxins, or it can be composted to further enhance nutrient
content.
Biologically, AD consists of four distinct phases. In detail, hydrolysis includes the
breakdown of insoluble organic polymers such as carbohydrates to be available for bacteria.
Bacteria convert sugars and amino acids into carbon dioxide, hydrogen, and ammonia, and other
organic acids during acidogenesis. Bacteria can convert organic acids into acetic acid, ammonia,
hydrogen and carbon dioxide during acetogenesis. Methanogens convert these products into
methane and carbon dioxide during methanogenesis. Bacteria are an essential component to the
success of anaerobic digestion for biogas production.
The goal of any AD pre-treatment is to enhance the performance of the AD process
whether the substrate is in the solid or liquid phase. The benefits of pre-treatments before AD
include reduction of solids, odor control/removal, pathogen reduction/removal, and increased
biogas energy recovery. Types of pre-treatments include three different categories: physical
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(mechanical, thermal, ultrasonic), chemical, biological and any combination of the three
methods. As previously mentioned, a route for MSW other than landfilling is treating with AD.
An advantage to this would be that biogas production outweighs the cost that would normally be
used to treat landfill leachate in most cases.
1.1.5 Hydrothermal Treatment of Waste Feedstocks Review
Vajello et al. (2020) reviewed all studies ranging from years 2011-2019 pertaining to
thermal treatment (carbonization and gasification) for valorization of MSW. This paper
represents a summary of all the studies conducted for this specific feedstock (MSW); however,
MSW composition is varied due to its inherent heterogeneity. A total of nine studies were
reported that conducted thermal treatment to MSW for biochar and hydrochar evaluation; out of
these nine, only a few focused on the aqueous phase portion. For example, Peng et al. (2016)
used simulated waste containing food, wood, paper, polyvinyl chloride (PVC), and textiles for
hydrochar combustion with no aqueous phase studies. Maqhuzu et al., (2019) focused on the
conversion of the organic fraction of MSW (OFMSW) for hydrochar combustion, while
Tryiyono et al. (2019) focused on the organic plastic waste stream for solid fuels production. The
advantages of hydrochar co-combustion with coal include the possibility of lower emissions due
to absence of metals within hydrochar due to mitigation to the aqueous phase.
1.2 Research Significance
Current waste to energy (WTE) methods including biological, thermal, and even disposal
methods such as landfilling have all capitalized on the rich energy content in MSW materials to
create renewable energy. Each of these methods has certain challenges and leave much room for
improvement in solid waste management. MSW landfills are the third largest source of human
related methane emissions which have 23 times more greenhouse gas trapping potential than
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CO . Other issues with landfills include leachate and toxins (groundwater pollution), landfill
2

space (limited not just in the U.S. but also worldwide), and the presence of valuable organics that
could otherwise be converted into energy. AD is another conventional method to treat MSW;
however, disadvantages include 1) AD of MSW does not treat a mixed feedstock, just a fraction
of it (organic fraction of MSW-OFMSW); 2) high cost and economics; 3) longer residence time
for solid substrates.
HTC is observed as a scalable technique to convert wet biomass (e.g. MSW) to carbonrich solid fuels. HTC offers many advantages as the most efficient process for carbon fixation in
solid fuels for a wet feedstock in a short residence time; however, heat recovery and aqueous
phase (which is 15-40% with organic carbon) recycling are essential to its waste to energy
feasibility (Berge, 2011). Previous studies have shown that the HTC MSW aqueous phase is
amendable for subsequent biological treatment, such as anaerobic digestion (Oliveira, 2013).
However, the research studies for energy recovery using AD of the HTC MSW aqueous phase
(HTC MSW AP) have not been done. There are several chemical compounds present in the HTC
aqueous phase such as organic acids, aromatics, and phenolic compounds. Some of these
compounds could potentially be recovered as a byproduct or further processed after
pretreatments to increase biogas yields from the aqueous phase. Advantages of HTC include 1)
does not require separation of feedstock (for MSW) 2) ability to use wet feedstock without
drying 3) faster time than conventional AD of MSW (OFMSW) and 4) lower operating
temperatures (less energy compared to other thermal treatments e.g. pyrolysis, gasification,
incineration). Improvements in terms of waste management and energy production could be
solved by integrating MSW processing with hydrothermal carbonization and anaerobic digestion
to reduce waste to landfills and maximize the organic carbon recovery.
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1.3 Research Importance and Proposed Solutions
To date there have been a limited number of studies on HTC of mixed waste materials,
such as those that would typically go to the landfill. On the commercial scale, HTC plants are
considered biorefineries in which the hydrochar has been explored in more detail; however,
taking full advantage of all exiting streams such as the HTC aqueous phase will maximize the
use of these systems and make the overall process more environmentally friendly. To the best of
my knowledge, there have been no other reports of investigating and understanding the
biodegradability of a mixed MSW stream. The information gap that is being filled answers
whether the combined HTC MSW + AD process can be used for a mixed MSW feedstock that
would normally go to the landfill. Based on experimental data, this research will attempt to
determine whether the combined process (HTC + AD) would be able to treat our waste on a
large scale and how it compares to conventional waste management practices such as
incineration and landfilling.

Hydrochar

Figure 3. Schematic diagram of the overall process flow.
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1.4 Main Research Objectives Summary
1.4.1 Objective 1-Evaluation of biodegradation of the aqueous phase from hydrothermal
carbonization of municipal solid waste (Chapters 2 and 3)
The original goals were to perform a biochemical methane potential (BMP) test using a
bench scale bottle test on HTC MSW AP to generate experimental data on biogas yields and
compare with theoretical yields to understand biodegradability; based on this data, AD
enhancements would be applied to the aqueous phase in order to increase biogas yields. What
will improve HTC MSW AP digestion, along with HTC MSW AP pre-treatments? For the next
chapter, the goals were to investigate inhibitory compounds (e.g. phenol), improving C:N ratio,
co-digestion to improve AD (N addition from waste source), and other benefits of co-digestion,
and potential lack of trace elements (not enough to support AD process-methanogenesis).
1.4.2 Objective 2- Hydrothermal carbonization of municipal solid waste aqueous phase
characterization and enhancements for maximizing digestion (Chapter 2 and 3)
The original goals for this objective were to analyze the HTC MSW AP, assess aqueous
phase characterization after HTC of MSW including creating a chemical profile for varying
reactor temperatures and times, and perform a BMP test using a bench scale bottle test on HTC
MSW AP with the addition of HTC MSW hydrochar to generate experimental data on biogas
yields and compare with theoretical yields to understand biodegradability. AD experiments
conducted were 250 °C (10 min, 1 h), 280 °C (10 min, 1 h), 310 °C (1 h). As reported in the
literature, 80-90% of degradation happens within the first 8-10 days for the liquid phase.
Retention time is about 14-15 days total due to readily available organics. For context, AD
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refers to biogas (CH4 + CO2) and biochemical methane potential (BMP) refers to just CH4
production.
AD enhancement experiments were performed on the 280 °C, 10 min HTC MSW AP
with the following enhancements: nitrogen addition (C:N=25 and C:N=30), trace metals
addition, increasing substrate to inoculum (SI) ratio, co-digestion with university food waste (N
addition), biochar addition (0.5g and 2g).
For biochar addition one of the original proposal ideas was to introduce HTC MSW
hydrochar to improve AD performance; based on HTC MSW hydrochar characteristics (e.g.
low/poor surface area (2.1 m2/g) compared to conventional biochar and due to its mixed
composition with untreated glass and metal after carbonization) this idea no longer made sense.
Instead, a high surface area (418 m2/g) biochar was used.
1.4.3 Objective 3- Energy, cost, and environmental evaluation of integrated processing approach
(Chapter 4)
This objective tied together all research and compares the combined AD + HTC system
to conventional waste management practices and “scales up” the system based on experimental
results and data from the literature. It aimed to perform an energy evaluation of the proposed
integrated process using experimental data and literature with cost analysis, scale up feasibility,
and energy balance and to compare findings (cost and environmental impacts) with conventional
solid waste management systems.
1.5 Note on Outside Opportunities (Appendix A and B)
Appendix A and B include completed manuscripts from outside opportunities completed
during this PhD, and therefore are included in this dissertation. Appendix A includes the
manuscript “Evaluation of Lipid Extractability after Flash Hydrolysis of Algae” published in the
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journal Fuel which has been accredited 50% to this dissertation. Appendix B includes the
manuscript “Nutrient Recovery from Algae Using Wet Oxidation and Ion Exchange” which was
completed in collaboration with the National Renewable Energy Lab (NREL) and will be
submitted to ACS Sustainable Chemistry journal. All work is related to the advancement of
renewable energy and recycling and reuse of waste products and has been allowed to be included
as a part of work done for this dissertation.
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CHAPTER 2
INVESTIGATION OF ANAEROBIC DIGESTION OF THE AQUEOUS PHASE FROM
HYDROTHERMAL CARBONIZATION OF MUNICIPAL SOLID WASTE
Improvements in terms of waste management and energy production could be solved by
integrating MSW processing with HTC and AD for converting organic carbon of MSW to fuels.
The objectives of this study were to (a) investigate HTC experiments at varying temperatures and
residence times (b) evaluate aqueous phase and solids properties, and (c) perform an AD bench
scale bottle test on the aqueous phase. A mixture of different feedstock representing MSW was
used. HTC at 280 °C and 10 min yielded the highest total organic carbon (TOC) of 8.16 g/L with
biogas yields of 222 mL biogas/g TOC. Results showed that AD of the aqueous phase from a
mixed MSW feedstock is feasible. The integrated approach shows organic carbon recovery of 58%
(hydrochar and biogas). This study is the first of its kind to investigate varying temperature and
times for a heterogeneous feedstock (mixed MSW) and specifically evaluating the HTC MSW
aqueous phase anaerobic biodegradability.
2.1 Introduction
In 2017, the United States Environmental Protection Agency (EPA) reported that
Americans generated over 268 million tons of municipal solid waste (MSW); 52% (landfilled),
13% (incinerated), and 35% (recycled/composted) (U.S. Environmental Protection Agency
(EPA), 2019). MSW landfills are the third largest source of anthropogenic methane emissions
which have 23 times more greenhouse gas trapping potential than CO2. Improvements in terms
of waste management and energy production could be solved by integrating MSW processing
with hydrothermal carbonization HTC and AD to reduce waste to landfills and maximize the
organic carbon and resource recovery.
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HTC is defined as a combined dehydration and decarboxylation of an organic feedstock
under subcritical water/hydrothermal medium to enrich its carbon content making it comparable
to bituminous grade coal’s heating values (24-27 MJ/kg). The literature reports operating
conditions of HTC ranging from 180 °C to 320 °C based on different feedstock which produces
three main products and average product yields; hydrochar “green coal” (45-70%), aqueous
phase (5-25%) and gases which are mainly CO2 (2-5%) (Berge et al., 2011). HTC is observed as
a scalable technique to convert wet biomass (e.g. MSW) to carbon-rich solid fuels. HTC offers
many advantages as one of the most efficient processes for carbon fixation in solid fuels for a
wet feedstock in a short residence time; however, heat recovery and aqueous phase (with 20-45%
total organic carbon (TOC)) recycling are essential to its waste to energy feasibility. Previous
studies (Oliveira, Blöhse, & Ramke, 2013; Wirth & Mumme, 2013; Wirth, Mumme, & Erlach,
2012) have shown that the HTC aqueous phase can be amendable for subsequent biological
treatment, such as AD. A study that used HTC of corn silage followed by AD of the aqueous
phase (without any pretreatment) achieved 16.3 L CH4/Kg of wet fresh matter, further proving
that the aqueous phase has great potential for higher biogas yields (Wirth & Mumme, 2013).
Another group (Oliveira et al., 2013) performed batch HTC experiments using agricultural
residue as feedstock and calculated biogas potential for the resulting process water (aqueous
phase) after HTC. For the aqueous phase, they reported TOC (12-26 g/L) and pH (3-5),
supporting the idea that the aqueous phase has great potential for further treatment with AD.
However, research studies on anaerobic biodegradability of the HTC MSW aqueous phase have
not been done. There are several chemical compounds present in the HTC aqueous phase such as
organic acids (e.g. lactic acid and acetic acid), aromatics, and phenolic compounds (Becker,
Dorgerloh, Paulke, Mumme, & Nehls, 2014). Some of these compounds could potentially be
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recovered as byproducts or further processed after pretreatments to increase biogas yields.
Nationwide AD systems are projected to reduce cumulative energy consumption by nearly 15
million T/J and reduce GHG emissions by 7.2 billion tons of CO2 over 50 years and have been
used to treat MSW; however, they are not large scale in the U.S. because of economic feasibility
and disadvantages including weeks to months of solids retention time for biogas energy
production (DiStefano & Belenky, 2009).
There have been fewer studies conducted on complex waste streams for sustainable waste
management, but HTC offers an innovative way to treat MSW feedstocks that contain high
moisture and high carbon content. Berge et al. (2011) investigated HTC of MSW because little
work has been done exploring the carbonization of these complex waste streams in order to
evaluate HTC as a sustainable waste management technique. The purpose of their study was to
determine the feasibility of hydrothermally carbonizing model municipal waste streams
especially those that would typically go to the landfill. Their objectives included evaluating the
environmental implications associated with the carbonization of representative municipal waste
streams, evaluating properties of hydrochar, and determining carbonization energetics associated
with each waste stream. One major finding was that 20-37% of initial carbon was transferred to
the aqueous phase after HTC of mixed MSW feedstock, which can be recovered for energy;
however, in their study, carbonization experiments were not optimized, and the aqueous phase
was not tested for digestibility (Berge et al., 2011).
Advantages of using HTC over conventional waste management methods include no
required separation of feedstock, wet feedstocks can be used without drying, and lower
temperatures and less energy are used compared to other thermal treatments such as incineration
and pyrolysis. AD residence time of the aqueous phase has been shown to be faster than
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conventional solids (MSW organics) digestion (Erdogan et al., 2015). The importance of this
research is timely in terms of solid waste management and waste to energy. Commercial scale
HTC is an emerging industry with five large-scale operational plants in the world; handling of
the aqueous phase is an important factor in terms of the upscaling of HTC for sustainable waste
management practices (Doyle et al., 2016). If this proposed integrated (HTC + AD) process
using MSW is proven to be feasible techno-economically, this could be monumental in terms of
mitigating many environmental issues associated with conventional incineration and landfilling.
To specifically understand product composition after HTC of mixed MSW, and the HTC
MSW aqueous phase biodegradability while building on some of the work done by Berge et al.,
the purpose of this particular study was to (a) investigate carbonization experiments at different
temperatures (250, 280, 310 °C) and residence times (10 min, 1 h, 6 h), (b) evaluate aqueous
phase and hydrochar properties, (c) perform an AD bench scale bottle test on the aqueous phase
to generate experimental data on biogas yields to understand biodegradability (Figure 4). There
are many studies on hydrothermal treatment of a homogeneous biomass feedstock (e.g. grasses,
woods, foods) and a few studies combining HTC and AD (Erdogan et al., 2015; Marques, 2001;
Oliveira et al., 2013; Posmanik et al., 2017; Wirth & Mumme, 2013; Zhao et al., 2018). This
study is the first of its kind to investigate varying temperature and times for a heterogeneous
feedstock such as model mixed MSW that would typically go to the landfill. Alsofurther
evaluating the HTC MSW aqueous phase anaerobic biodegradability.
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Figure 4. Schematic diagram of the overall process flow.

2.2 Materials and Methods
2.2.1 Feedstock
A mixture of known composition (paper, plastic, metal, glass, food) representing waste
that typically goes to the landfill was created for the HTC feedstock (wt.% basis). Mixed MSW
was simulated using the following materials, and deionized water (DI) was added to the mixture
to obtain a solids concentration of 20 wt.%; 45.5% paper (shredded discarded office paper), 9.6%
glass (crushed glass bottles), 16.4% plastic (shredded plastic bottles), 17.6% food (rabbit food
pellets), 10.9% metal (shredded aluminum cans) (Berge et al., 2011).
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Table 1. MSW Composition (wt. basis) to landfill.
Material
Paper
Glass
Plastic
Food
Metal

Percentage (wt. basis)
45.5
9.6
16.4
17.6
10.9

2.2.2 Hydrothermal Carbonization Experiments
HTC of the mixed MSW feedstock was conducted using a 500 mL high pressure batch
reactor (PARR 4570 Series). The literature reports HTC conditions ranging from 180-320 °C and
residence times ranging from 5 min-12 h (Kambo & Dutta, 2015). The following process
conditions (250, 280, 310 °C) and (10 min, 1 h and 6 h) were chosen based on low (250 °C) and
high range (310 °C) HTC temperatures with a short, mid and long duration residence time, to
compare HTC MSW end products and carbon distribution.
After the mixed MSW simulation feedstock was made and DI water was added for 20
wt.% solids, the experiment was run at 250, 280, 310 °C for 10 min, 1 h and 6 h in triplicate. It
should be noted that 310 °C was only run for 10 min and 1 h. The process included a heating
phase, reaction phase (when subcritical conditions and desired temperature were met), and
cooling phase. After maintaining the desired temperature and time under autogenous pressure
conditions, the reactor was rapidly cooled to ambient conditions using water through a cooling
coil. After the reaction had taken place, the resulting mixture was placed in a beaker, and the pH
of the aqueous phase was measured. The product mixture was vacuum filtered (1.5 µm,
Whatman 47 mm glass microfiber filters). Subsequently, solids were placed in the oven at 105
°C for 24 h to remove moisture, and the aqueous phase was measured and stored in the freezer (4
°C) for further analysis.
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2.2.3 Anaerobic Digestion
2.2.4 Methods and Test Apparatus
AD was carried out using a batch bottle test, and biogas yields were measured using
water displacement. Graduated cylinders were inverted in 45-liter bins (Sterilite) filled with
water, and gas production was monitored daily in mL of biogas produced. The following five
HTC MSW aqueous phases were used for analysis; 250 °C (10 min, 1 h), 280 °C (10 min, 1 h),
310 °C (1 h); each condition was done in triplicate. For AD, an average of 1 g of chemical
oxygen demand (COD) (~0.3 g TOC) was added to the bottles and 400 mL of inoculum. The
inoculum was obtained from anaerobic digesters at Hampton Roads Sanitation District (HRSD)
Atlantic wastewater treatment plant (Virginia Beach, Virginia). DI water was added to the 450
mL line to ensure equal headspace. The bottles were purged with nitrogen for 1 minute to ensure
anaerobic conditions in the headspace and were immediately sealed with rubber caps designed
with inlets for gas measurements. One-eighth inch plastic tubes (Aqua Culture Standard Airline
Tubing) were placed on the inlets, and the tubes were connected from the bottle into the inverted
graduated cylinder in the tubs filled with water. For 15 days, digestion bottles were placed in a
heated water bath shaker (New Brunswick Scientific G-76D) at 37 °C (to maintain mesophilic
conditions) and 40 rpm for mixing. Biogas was monitored daily and recorded in mL of biogas
produced. Gas volume was corrected for water vapor, normal conditions (0 ˚C and 1 atm) and
measured by subtracting the gas yield from the inoculum as a control. Gas chromatography (SRI
8610C) equipped with TCD/FID detectors was used to monitor the presence of methane and
carbon dioxide.
2.2.5 Analytical Methods
2.2.6 Hydrothermal Carbonization and Products
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2.2.7 Solids and Gases
All solids (HTC MSW starting material and hydrochar) were tested for total solids,
volatile solids and ash as described in ASTM E1756-08, EPA Method 1684, ASTM E1755-01,
respectively. Elemental analysis (Thermo Finnigan Flash EA 1112 elemental analyzer) with 2,5Bis(5-tert-butylbenzoxazol-2-yl) thiophene (BBOT) standard (certified no. 202147-10/03/2015,
ThermoFisher Scientific, Cambridge, UK) was done in triplicate for starting material and HTC
MSW hydrochar. Solids wt.% yield and higher heating value (HHV) using a modified Dulong
equation (Channiwala & Parikh, 2002), was calculated for the HTC MSW hydrochar.
Thermogravimetric analysis (TGA) of hydrochar was performed using TGA-50H (Shimadzu
Corporation) following ASTM D7582-15 standards to evaluate the fuel properties of the
hydrochar. Burning profiles from the TGA are used to evaluate classes of coal (e.g. lignite,
bituminous); thus, the burning profile was evaluated using 10 mg of the 280 °C at 10 min
hydrochar. Compressed air was used at 50 mL/min with temperature ramped from 25 °C to 750
°C at 12.5 °C/min for 60 min and was held at 750 °C for 30 min. Brunauer, Emmett, and Teller
(BET) analysis was carried out using a NOVA 2200e surface area and pore size analyzer
(Quantachrome Instruments) to determine the surface area of HTC MSW hydrochar; 0.2 g of the
sample was degassed for 4 hours at 95 °C. Following a backfill with helium, the mass of the
degassed sample was recorded. The sample cell containing the sample was then bathed in liquid
nitrogen at -196 °C during the analysis period. The multi-point BET surface area of the sample
was then measured. HTC MSW gas phase yields were calculated using the difference of the solid
and aqueous phase yields.
2.2.8 HTC MSW Aqueous Phase
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The HTC MSW aqueous phase was analyzed for total solids, volatile solids and ash as
described in ASTM E1756-08 , EPA Method 1684 , ASTM E1755-01, respectively. They were
also tested for TOC and TN (total organic carbon/total nitrogen (TOC/TN) analyzer TOCVCSN, Shimadzu equipped with an ASI-V auto sampler), COD using (HACH COD 20-1500
mg/L) digestion tubes and HACH DR/890 Colorimeter, and pH (Fisherbrand pH paper). Sugars
and organic acids were measured by a Thermo Scientific Dionex Ultimate 3000 HPLC equipped
with Aminex HPX-87P column (sugars), an Aminex HPX-87H column (organic acids), and a
RefractoMax521 RI (refractive index) detector. All analyses were done in triplicate.
2.3 Results and Discussion
2.3.1 Hydrothermal Carbonization and Carbon Distribution
HTC was carried out at three different temperatures (250, 280, 310 °C) and three
residence times (10 min, 1 h, 6 h) in order to investigate the effects of varying temperature and
times for the mixed MSW feedstock. These temperatures were chosen as low, medium, and high
range temperatures. Although residence times vary, times were chosen to represent a shorter to
longer residence time. Any time over 6 h was ruled out because increased energy usage; HTC at
310 °C for a residence time of 6 h was not performed because of this higher temperature range.
One previous study (using a 160 mL reactor at 250 °C for 20 h) was done for this mixed MSW
feedstock; however, varying temperature and times were not investigated or optimized as it was
not the focus of their research (Berge et al., 2011). For this set of experiments, mass balance
shows that 22-48% of carbon remained in the solid phase (hydrochar), 33-45% in the aqueous
phase and 15-44% in the gas phase (Figure 5). The gas phase was calculated from the subtraction
of aqueous and solid phases. The literature reports that the main composition of the HTC gas
phase is carbon dioxide and trace amounts of CO, CH4, and H2 gases (Funke & Ziegler, 2010). It
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should be stated as in many studies on HTC, that it is difficult to make direct comparisons
especially with hydrochar content as all HTC factors (temperature, time, pressure, reactor design,
concentration) all influence carbonization. The condition of 280 °C and 10 min yielded the
highest carbon percentage in the aqueous phase (45%); by raising the temperature 30 ºC, the
residence time was decreased by 97% from 6 h to 10 min producing more carbon in the aqueous
phase, less gas, and a solids percentage within 11% of the 250 °C and 6 h condition (Figure 5).

Figure 5. Distribution of carbon after HTC. Values are average of triplicate analysis. Error bars
represent the standard deviation.

2.3.2 Aqueous Phase Composition
HTC MSW aqueous phase carbon percent yields ranged from 34-45% aligning with the
previous literature (Oliveira et al., 2013; Wirth & Mumme, 2013). The condition of 280 °C at 10
min yielded the highest TOC at 8.16 g/L with others ranging from 6-7 g/L (Figure 6). The
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literature reports an HTC aqueous phase ranging from 5-20 g/L (Oliveira et al., 2013). A similar
study done by Berge et al. (2011) using a similar feedstock reported an aqueous phase TOC of 20
g/L and COD of 60 g/L. This reaction took place in a much smaller reactor (160 mL) for a longer
time (20 h) at 250 °C, which could be a reason for higher aqueous phase TOC and COD yields
compared to those done with a 500 mL reactor used for this study. TOC tended to decrease as
temperature increased. An explanation for this is that the water soluble organics are
intermediates in the formation of gas and oil/char; a higher percentage of gaseous compounds are
a result of longer carbonization as can be seen with the reactions at 6 h (Hoekman, Broch, &
Robbins, 2011). COD values yielded higher amounts than TOC, which shows the presence of
inorganics in the aqueous phase (Erdogan et al., 2015).

Figure 6. HTC MSW aqueous phase COD and TOC. Error bars represent the standard deviation.

Several organic acids (e.g. lactic, and acetic) and sugars were detected in the HTC MSW
aqueous phase. The presence of sugars and organic acids are mainly due to the hydrolysis of
cellulose and hemicelluloses and their degradation products such as furfural and
hydroxymethylfurfural (HMF) (Becker et al., 2014; Erdogan et al., 2015). HTC aqueous phase is
a very complex mixture consisting of many different compounds as reported in the literature

22

(Becker et al., 2014). Analysis of the HTC MSW aqueous phase showed the major organic
compounds were lactic acid and mannose (Table 2). Major sugars included mannose and xylose.
Among other compounds were trace amounts of formic acid, HMF and furfural. The condition of
280 °C and 10 min yielded 13.3 g/L of lactic acid which has potential for recovery. The pH for
all aqueous phase samples ranged from 3-4 due to the presence of organic acids. A similar study
reported only qualitative data for compounds present in the HTC MSW aqueous phase including
acetic acid that was quantified in this study (Berge et al., 2011). In this same study, phenols were
also identified and are commonly reported as a hinderance to anaerobic biodegradability.
Inhibitory compounds such as phenol need to be further identified and quantified in future HTC
MSW studies.

Table 2. Major compounds in HTC MSW aqueous phase (BDL=below decection limits).
T (°C)

Time

250
250
250
280
280
280
310
310

10 min
1h
6h
10 min
1h
6h
10 min
1h

Acetic acid
(g/L)
0.3
0.5
0.5
0.5
0.6
0.7
0.6
0.7

Lactic acid
(g/L)
8.7
10.4
10.1
13.3
13.1
10.4
13.7
11.2

HMF (g/L)
7.0
13.4
BDL
13.7
BDL
BDL
1.4
BDL

Furfural
(g/L)
0.4
0.2
BDL
0.3
BDL
BDL
0.1
BDL

Mannose
(g/L)
2.0
2.0
1.9
1.6
1.8
1.2
2.1
1.9

Xylose
(g/L)
0.9
2.0
1.6
2.2
2.6
3.1
3.4
3.5

The main TOC contributions for the HTC MSW aqueous phase are attributed to the
carbonization of the organic components in the feedstock such as paper, food, and plastic. These
experiments showed that carbonization had no effect on breaking down the aluminum cans or
glass. Shredded office paper contributes 45%, almost half of the total HTC feedstock weight, and
is the main material (paper) discarded in landfills. A study conducting HTC on waste paper and
recycling of the subsequent process water with process conditions of 200 °C for the 16 h
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reported aqueous phase TOC and COD as 9.15 g/L and 24.8 g/L, respectively (Weiner,
Poerschmann, Wedwitschka, Koehler, & Kopinke, 2014). The results in this experiment at 280
°C for the 10 min aqueous phase TOC and COD is 8.16 g/L and 25.48 g/L, respectively (Figure
6). They also identified lactic acid as the most abundant identified organic acid, which is also the
case for this experimental data for the HTC MSW experiments. Although reaction conditions
vary between the studies, these similarities could provide insight on the influence of paper on
HTC aqueous phase composition.
Hydrolysis is the process of converting biomass biopolymers to fermentable sugars. On
the molecular level, a molecule is cleaved into two parts by adding a molecule of water. One
fragment of the molecule gains a hydrogen ion (H +), and the other group collects the remaining
hydroxyl group (OH −) (REBEL, 2016). Lignocellulosic material is composed of cellulose,
hemicellulose, and lignin. Cellulose (a major component of wastepaper) is a polymer of beta
glucose and has high crystallinity. Hemicellulose are polymers of pentoses (xylose, arabinose,
ribose), hexoses (glucose, mannose, galactose), and include uronic acids (Fiechter, 1989). It has
been shown that at lower HTC temperatures there is more sugar production as opposed to higher
temperatures with increased acid production. In this case, the higher HTC reaction temperatures
are in the range of increased acid production such as that of HMF and lactic acid (Erdogan et al.,
2015).
2.3.3 Anaerobic Digestion of HTC MSW Aqueous Phase
The aqueous phases recovered from five HTC conditions were tested to investigate its
biodegradability using the AD process. Table 3 shows total biogas production and mL of biogas
produced per gram of TOC and COD. Biogas production ranged from 48-327 mL biogas/g TOC.
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Table 3. Characteristics of initial feedstock and produced HTC MSW hydrochar.
HTC MSW aqueous phase

T
(°C)

t

250

280
310

10
min
1h
10
min
1h
1h

220

6h

Orange pomace HTC aqueous
phase (Erdogan et al., 2015)
Sewage sludge HTC aqueous
phase (Hoekman et al., 2011)

260

2h

295.6

--

200

6h

--

Food waste HTC aqueous phase
(Zhao et al., 2018)

260

4h

Organic fraction MSW HTC
aqueous phase (Lucian et al.,
2020)

180

1h

180 mL
CH4/g
COD
58 mL
CH4/g
COD
205 mL
CH4/g
COD

250
280

Comparisons from literature
Corn silage HTC aqueous phase
(Wirth & Mumme, 2013)

mL
biogas/g
COD
109.4

mL
biogas/g
TOC
327.4

TN
(g/L)

C:N
ratio

0.16

40

15.0
70.0

48.0
222.0

0.12
0.13

61
63

35.5
24.0

103.3
84.9

0.11
0.12

68
57

600 mL
CH4/g
TOC
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--

For these AD batch tests, biogas was quantified as the combination of CH4 and CO2. A retention
time of 15 days was used because the aqueous phase requires less time to degrade compared to
conventional solid substrates with weeks to months of residence time.
The condition of 280 °C and 10 min was the most ideal condition in this set of
experiments due to its highest TOC yield in the aqueous phase, midrange temperature and
shortest residence time of 10 min. Figure 7 shows two set of experiments varying the amout of
TOC used at this condition and cumulative gas production of the two TOC concentrations (0.1 g
and 0.5 g) at 280 °C for 10 min. Increasing the amount of TOC increased the biogas yield. The
literature reports daily biogas production increasing rapidly in the first 7 days due to readily
available organics, which was also observed in this set of experiments (Erdogan et al., 2015).
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Figure 7. Cumulative biogas production for 280 °C and 10 min (0.1 g and 0.5 g TOC).

On averag,e 1 g COD was used for AD testing. Biochemical methane potential (BMP) is
a procedure to determine methane production of an organic substrate during anaerobic
biodegradabilty. BMPCOD theoretical is calcuated based on the conversion of 1 g COD producing
0.35 L CH4 at normal temperature and pressure, to get a sense of the biodegradeability of the
HTC MSW aqueous phase. Theoretically, 1 g COD could produce 464 mL biogas assuming 60%
of the biogas mixture is CH4 (Jørgensen, 2009b). The literature reports biogas yields of 1.9-22.8
mL/mL of HTC wastewater used with batch experiments (Wirth et al., 2012). Other studies have
shown biogas yields for sewage sludge process water of 500 mL biogas/g TOC, and 600 mL
CH4/g TOC using corn silage HTC wastewater (Reza et al., 2014).
It is well known that AD involves the complex processes of hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. Methanogenesis is the energy yielding phase, or the phase in
which energy yielding products (CH4 and CO2) are produced. A major organic component of the
HTC MSW aqueous phase was lactic acid ranging from 8.7-13.7 g/L. A study was conducted
that investigated the influence of lactic acid on AD of kitchen waste, as lactic acid is the main
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fermentation product of ktichen waste during AD. Their study concluded that lactic acid had a
negative influence on the performance of methanogenesis as a lower biogas productivity rate was
seen during AD (Bo, Wei-min, & Pin-Jing, 2007). The condition of 280 °C and 10 min was the
focus of these experiments mainly because of the highest TOC yield in the shortest residence
time. Although this condition produced the highest TOC, the condition of 250 °C produced the
highest biogas yield per gram of TOC (327.4 mL biogas/g TOC). Based on the previously
mentioned study, lactic acid could affect the production of biogas in the energy producing step
methanogenesis. The effects of lactic acid could be monitored for the potential of recovery
and/or to improve biogas yields. Paper accounted for almost half the weight in the original mixed
MSW feedstock. A study of HTC of waste paper performed BMP on the aqueous phase, and
biogas yields were 730 mL biogas/g of organic dry matter (ODM); they also noted a trend of
faster biodegradability over the first several days due to readily available organic acids (Weiner
et al., 2014).
Along with pH, temperature, and concentration, the carbon to nitrogen (C:N) ratio is an
important parameter in overall AD functionality and biogas production. The literature reports
ammonia concentrations below 200 mg/L are beneficial to the AD process as nitrogen is
essential to anaerobic microorganisms (Y. Chen, Cheng, & Creamer, 2008). Biogas yields are
highly dependent on the C:N ratio and optimal ranges are reported as 20-30 (Dioha, Ikeme,
Nafi’u, Soba, & Yusuf, 2013). Table 3 also reports the C:N ratio of the HTC MSW aqueous
phases used for this set of experiments. The condition of 250 °C and 10 min yielded the highest
mL biogas/g TOC and subsequently had the lowest CN ratio of 40--the lowest C:N ratio of all
other conditions tested. All other C:N ratios were in the lower sixties which could explain the
lower biodegradability.
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To date and to the best of my knowledge, there have been no other studies to test the
HTC aqueous phase of a mixed MSW feedstock. These batch tests show that it is feasible and
can be done. These experiments are a proof of concept that the readily available TOC in the HTC
MSW aqueous phase can be a feasible substrate for biogas production. Further studies should
investigate using higher TOC concentrations, lactic acid recovery, and potential addition of a cosubstrate to increase and maximize biogas production. Nitrogen addition and improving C:N
ratio is essential in increasing the overall biogas yields and improving the AD system.
2.3.4 Solid phase composition
Hydrochar yields ranged from 35-56% (Table 4). The study using a similar feedstock has
yields ranging from 29-63% (Berge et al., 2011). The larger yields are due to the unmodified
compounds such as glass and metal. HTC seemed to have little to no effect on the breakdown or
modification of glass or metal within the mixed MSW feedstock within all experiments. The char
type material resulted mainly from the carbonization of the paper, food, and plastic. The lowest
hydrochar yield came from the condition of 280 °C for 6 h and the highest at 250 °C for 10 min.
At the lower temperature, 250 °C for 10 min, the paper was still in the form of the original
feedstock of shredded paper, showing that for this temperature, 10 min was not enough time to
fully carbonize the feedstock to hydrochar.
The elemental composition of hydrochar is presented in Table 4. HTC of the mixed
MSW feedstock resulted in HTC MSW hydrochar with higher percentages of carbon with
reduced oxygen and ash. From the original feedstock (paper, plastic, food), there was a 40%
increase in the HHV. Ash values ranged from 4.8-21.7%, increasing as residence time and
temperature increased. The highest ash value of 21.7% resulted from the reaction condition of
310 °C for 1 h. Higher heating values were calculated using a modified Dulong’s equation
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(Channiwala & Parikh, 2002) with values ranging from 19-25 (MJ/kg) compared to the HHV of
lower rank coals (e.g. lignite and sub-bituminous).
In other studies, HTC hydrochar trends have shown that as reaction temperature
increases, energy content increases and hydrochar yields decrease. Generally, carbon content of
hydrochar increases as temperature increases, resulting in an increase of HHV (Reza et al.,
2014). A trend was observed for these experiments: as time increased, HHV increased.
Temperature increase causes the decomposition and removal of oxygen rich hemicellulose,
therefore increasing the HHV and fuel value.

Table 4. Characteristics of initial feedstock and produced HTC MSW hydrochar.
Ash

initial
feedstock
paper
food
plastic
hydrochar
T (°C)
250
250
250
280
280
280
310
310

t
10
min
1h
6h
10
min
1h
6h
10
min
1h

(%DW)

C
(wt.%)

N
(wt.%)

H
(wt.%)

O
(wt.%)

HHV
(MJ/Kg)

solids
yield
(wt.%)

92.0
93.3
0.0

7.5
6.1
0.0

37.2
42.7
64.0

0.0
6.5
0.0

5.5
4.0
4.3

49.8
40.7
31.7

14.2
15.2
24.1

-

93.5
98.6
98.7

94.4
95.0
91.7

4.8
4.8
8.2

47.7
55.1
62.4

0.5
0.9
1.3

5.7
4.9
4.6

41.4
34.3
23.6

19.0
21.3
24.6

56
43
41

99.8
97.4
96.3

93.5
92.5
91.6

6.4
10.5
16.9

60.1
61.5
52.7

1.1
1.3
0.7

4.6
5.0
4.3

27.7
21.7
25.4

23.4
24.9
20.5

39
40
35

97.9
91.6

91.3
84.2

16.1
21.7

54.5
58.0

1.1
1.3

4.6
5.0

23.8
13.9

21.6
24.2

41
41

TS
(%DW)

VS
(%DW)

93.4
90.5
98.1

2.3.5 TGA and BET
Although the focus of this study was not the hydrochar; thermogravimetric analysis
(TGA) and BET surface area analysis were done to investigate potential fuel properties and
hydrochar applications based on surface area, respectively. Hydrochar from the conditions of 280
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°C and 10 min were used for these experiments. TGA burning profiles are used to compare the
different rankings (e.g. lignite, bituminous, etc.) of coal, as each has an idealized burning profile
consisting of four elements found within the TGA chromatogram. In classifying coal category,
the characterizing point is the “peak temperature (PT)” where weight loss is at the maximum,
ranging from below 400 °C to above 700 °C (Cumming & McLaughlin, 1982). The other
components of the burning profile include the ignition temperature (IT), the fixed carbon ignition
temperature (ITFC), and the burnout temperature (BT) (Cumming & McLaughlin, 1982). Table 5
compares typical burning parameters of lignite, bituminous and anthracite coals with the HTC
MSW hydrochar. The HTC MSW hydrochar temperatures were determined based off the
derivative peaks in the TGA chromatogram (Figure 8), which was done in duplicate. Lignite
coal’s burning profile typically has two peaks which is also seen in the burning profile of the
HTC hydrochar signifying some resemblance to lignite grade coals.
There is much potential for hydrochar to be used as a soil amendment and even an aid in
the AD process due to exposed pores during carbonization. The surface area of this hydrochar
was on average 1.2 m2/g. There is a large range of hydrochar surface areas; however, the
literature reports that an increase in residence time does allow for modification of cellulose and
hemicellulose which can positively affect surface area; 10 min was not enough time to
effectively increase pore size and surface area (Kambo & Dutta, 2015). The hydrochar that was
tested had an HTC residence time of 10 min at 280 °C, which could explain such a small average
surface area. Paper, food, and plastic made up the components of the HTC MSW hydrochar. The
BET analysis conditions of 95 °C were chosen because using higher temperatures expelled an
oily substance from the hydrochar during the analysis. A reason for this is that the boiling point
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for plastic is around 105 °C, and during the BET analysis any plastic (biocrude) material within
the hydrochar could have been modified.

Figure 8. TGA of HTC MSW hydrochar (condition 280 °C, 10 min) done in duplicate (pink and
green lines). Peaks in derivative graph represent the burning profile of the biochar.

Table 5. Comparison of burning parameters of common coal types with experimental HTC
MSW hydrochar (Cumming & McLaughlin, 1982).
Lignite

Bituminous 1

Bituminous 2

Anthracite

HTC MSW
Hydrochar

IT (°C)

210

350

340

480

270

Main PT (°C)

500

555

555

665

412

BT (°C)

540

665

690

785

660

2.3.6 Discussion
2.3.7 Material balance
Figure 9 outlines the overall material balance of the two processes that were carried out
to better understand the scope of the integrated HTC + AD process. Mass balances were
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calculated based on how much carbon entered the system and exited the system in the forms of
solid, aqueous and gas phases. This figure simulates what would happen if 100 Kg C (230 Kg of
the mixed MSW) was carbonized and the resulting aqueous phase used for AD, based on the
experimental mass balance data for 280 °C and 10 min (Figure 2). The liters of biogas are
calculated by using the highest experimental biogas yields of 222 mL biogas/g TOC. Biogas or
the combination of CH4 and CO2 were quantified together for these batch AD experiments;
therefore, it was assumed that CH4 accounted for 60% and CO2 accounted for 40% of the biogas
mixture in the calculation of Kg of C for biogas. Normally, CH4 composition depends on the
substrate used, but these values represent average amounts.
Biogas typically has a thermal value of 22 MJ/m3, and methane has a thermal value of 36
MJ/m3. This process of using 100 Kg C could result in 218 MJ of energy production based on
liters of biogas produced. When evaluating the mass balance, 5 Kg C exits the system as biogas.
This now brings into question how to utilize the remaining 40 Kg (89%) of carbon and why it
was not digested.
Regarding HTC, there are limited studies investigating the aqueous phase; moreover, the
aqueous phase of a mixed feedstock such as the model mixed MSW stream typically headed for
the landfill. The closet study conducting similar research investigates HTC of the organic
fraction of MSW (OFMSW) coupled with AD (Lucian et al., 2018; Lucian et al., 2020). The
work done by Lucian et al. (2018 and 2020) are insightful studies that specifically analyze the
organic fraction of municipal solid waste; however, this does not consider the fractions that still
end up in the landfill (if not separated into organic fractions) and their fate. We have
demonstrated that AD is feasible; however, improving digestion is critical in supporting the
integrated HTC + AD process for treating MSW. Future testing should evaluate what routes
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would improve digestion including investigations of improving AD system conditions by
lowering C/N ratios with nitrogen addition, aqueous phase pre-treatments, or co-digestion.

Figure 9. Overall material balance of HTC + AD combined process.

2.4 Conclusions
To date there have been a limited number of studies on HTC of mixed waste materials.
The integrated approach (HTC and AD) showed organic carbon recovery of 58% in the form of
hydrochar and biogas. On the commercial scale, HTC plants are considered biorefineries in
which the hydrochar has been explored in more detail; however, taking full advantage of all
exiting streams such as the HTC aqueous phase will maximize the use of these systems and make
the overall process more environmentally sustainable. To the best of my knowledge, there have
been no other reports of investigating and understanding the biodegradability of a mixed MSW
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stream by varying residence time and temperature. This study is a proof of concept that AD of
the HTC MSW aqueous phase is feasible and can be improved upon. Future testing will focus on
enhancing biogas yields from the aqueous phase and specific biogas composition. In order to
recover, utilize, and maximize aqueous phase carbon, mass balance shows HTC MSW aqueous
phase enhancement (e.g. pre-treatment, co-digestion) would be necessary for the integrated
system.
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CHAPTER 3
HYDROTHERMAL CARBONIZATION MUNICIPAL SOLID WASTE AQUEOUS
PHASE CHARACTERIZATION AND ENHANCEMENTS FOR MAXIMIZING
DIGESTION
3.1 Introduction
In the previous chapter it was proven that AD of HTC of the MSW aqueous phase can be
done and is feasible; however, mass balance shows that only 11% of C transferred to the aqueous
phase was digested leaving the question why the remaining 89% was not digested. The HTC
MSW AP conditions of 280 ℃ and 10 min was singled out as the target condition due to its short
residence time and yielding the highest organic content in terms of TOC. In order to recover,
utilize, and maximize aqueous phase carbon, mass balance shows HTC MSW aqueous phase
enhancement (e.g. co-digestion) and identification of potential inhibitory compounds in the HTC
MSW aqueous phase mixture would be necessary.
AD requires the delicate balance of process conditions and optimal environments for the
microorganisms carrying out the work. The HTC MSW aqueous phase has a high C:N ratio (4862) which can cause nitrogen deficiency. Inhibitory compounds such as phenols could cause low
biodegradability as well. The starting material for HTC also lacks essential micronutrients such
as trace metals that could be beneficial for the AD process. Issues such as these will be further
explored in this chapter to improve HTC MSW aqueous phase digestion.
In terms of AD enhancements, the addition of HTC hydrochar and biochar has also been
shown to improve digestion, especially as a co-product of the HTC process. As a part of waste
generation, it has been reported that Americans throw away on average 44 million tons of food
each year according to the EPA. Supplemented nitrogen could very well come from another
waste stream such as food waste. Co-digestion has increasingly been shown to provide positive
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synergistic effects when it comes to improving the AD process. Although Old Dominion
University’s campus does an excellent job with sustainability, it is not immune to the food waste
generation statistic and can serve as an excellent means of incorporating ODU’s university food
waste. Co-digestion of food waste and the previously researched HTC MSW aqueous phase can
increase biogas production due to the added carbon and nitrogen source and would aid in the
reduction of food waste from MSW streams. A research question that will be answered is
whether combining the HTC MSW aqueous phase with selected enhancements such as nitrogen
sources, food waste, biochar, and trace metals enhance/increase biogas production. Also, what
potentially inhibitory compounds are causing issues with the AD process? Figure 10 summarizes
the overall process scheme with the added AD enhancements for improved digestion.

3.1.1 Research diagram

AD ENHANCEMENTS

+

Nitrogen
source (NH4Cl)

Biochar

Trace
metals

Figure 10. HTC MSW AP process scheme with AD enhancements.

3.2 Background and Literature Review
3.2.1 HTC Liquid Phase of Various Biomass Feedstock

ODU food
waste
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Organic acids and phenols are commonly found products in the liquid phase after HTC.
Shui et al. (2002) aimed to identify organic acids and phenolic compounds in fruits juices and
various drinks. These juices have many of the same compounds found in the liquid phase after
HTC of biomass. They used GC-MS to identify compounds within the liquid phase. HTC
conditions for time and temperature for the waste streams (paper, food, mixed MSW, AD waste),
were not optimized for this study. This study supports the idea that chemicals can be recovered
from the liquid phase (which has 20-37% of initial C) for use/reuse (Berge, 2011). They found
various compounds in the liquid phase; however, these compounds are only for a single
temperature and reaction time (250°C and 16h), and there is no quantification of the compounds.
Wirth et al. (2012) used corn silage for HTC at 220°C for 6 hours. They found that for
this feedstock the acetic acid in the liquid phase was 13% of the overall total organic carbon
(TOC), while phenolic compounds may have limited AD (Wirth, Mumme, & Erlach, 2012).
Becker et al. (2014) used wheat straw for HTC from 190-270°C for 6 hours. The liquid phase
contained compounds such as furan, furfural, hydroxymethylfurfural (HMF), 2-methyloxphenol,
2-methylbenzofuran and volatile fatty acids (VFA) including propionic acids, isobutyric acid,
butyric acid, capronic acid, and n-heptanoic acid (Becker, Dorgerloh, Paulke, Mumme, & Nehls,
2014).
Erdogan et al. (2015) carried out HTC between 175-260°C with times of 30, 60, 90 and
120 mins. Orange pomace produced various sugars and acids including sucrose, glycose,
fructose, lactic acid, formic acid, acetic acid, HMF, and furfural (Erdogan et al., 2015). In a
similar study, Steman et al. (2013) used poplar wood chips for HTC at 220 °C for 4 hours, 15%
of initial C was dissolved in the liquid phase. Organic acids were 30-50% of the TOC including
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acetic acid, glycolic acid, levulinic acid, formic acid, phenol, HMF, furfural, and glucose
(Stemann, Putschew, & Ziegler, 2013).
Hoekman et al. (2011) carried out HTC on mixed wood feedstock at 215-295°C for 5-60
mins. The major finding was that the liquid phase for lower temperatures resulted in higher sugar
levels (215-235 °C); for higher temperatures acetic acid increased (255-295°C) (Hoekman,
Broch, & Robbins, 2011). The most prominent acids were formic, acetic, and lactic acid.
3.2.2 Anaerobic Digestion Overview
It is well known that the anaerobic digestion process involves the breakdown of
substrates via hydrolysis, acidogenesis, acetogenesis and methanogenesis. Optimal process
parameters ensure successful biodegradation of the feedstock for biogas production. Process
parameters include and are not limited to anaerobic environment, temperature, pH, substrate to
inoculum (SI) ratio, carbon to nitrogen (C:N) ratio, essential micronutrients and stirring.
Anaerobic digestion involves the very delicate balance of these parameters and the
microorganisms that break down the substrates.
3.2.3 Biogas Composition
The last step of AD, methanogenesis, results in the production of biogas. The main
components of biogas are methane (CH4), carbon dioxide (CO2), and trace amounts of hydrogen
sulfide (H2S), hydrogen (H2), ammonia (NH3), carbon monoxide (CO), nitrogen (N2), and
oxygen (O2) (Jørgensen, 2009a). Typical amounts are refenced in Table 6 but are highly
dependent on feedstock composition. Methane in landfill gas can be as low as 45-50%.
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Table 6. Typical biogas composition.
Gas
Methane (CH4)
Carbon dioxide (CO2)
Hydrogen sulfide (H2S)
Hydrogen (H2)
Ammonia (NH3)
Carbon monoxide (CO)
Nitrogen (N2)
Oxygen (O2)

%
45-70
30-45
1-2
1-2
1-2
trace
trace
trace

3.2.4 Anaerobic Digestion Process Parameters
The AD process requires many parameters to be optimized for the best functionality of
microorganisms. For example, the suggested pH for AD processes has been reported to be
anywhere between 6.5-8, but optimal pH is around 7.2 (Y. Chen et al., 2008; Dioha et al., 2013;
Jørgensen, 2009a). Other process parameters such as temperature, stirring, SI ratio, and
concentration must be considered as well. Raposo et al. (2011) conducted a large interlaboratory
study on biochemical methane potential functionality. They tested many parameters within
inoculum source, substrate, experimental conditions, and operational conditions. They concluded
that SI ratio was most important when it comes to AD performance while other factors such as
inoculum source (which varies with location), is negligible (Raposo et al., 2011). Another study
reported that yield of biogas is highly dependent on C:N ratio, concentration, pH, and
temperature (Dioha et al., 2013).
3.2.5 Anaerobic Digestion Inhibition
Inhibition can occur throughout the AD process for many reasons and occurs when there
are negative effects on the bacteria without killing them, leading to reduced biodegradability and
biogas production. Inhibition is a common occurrence in a process as meticulous and variable as
AD, and sources of the inhibition can come from the process itself (indirect) or from the
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substrate involved in the digestion (direct). Inhibition includes factors such as nitrogen, heavy
metals, salts and micro- and marco- nutrient inhibition where higher concentrations are toxic to
AD bacteria. Also, acidification from organic acids, and antibiotics can occur.
3.2.6 Anerobic Digestion Process Enhancements
Improving the AD process can be accomplished through various AD
enhancements/additions and is critical to improving AD functionality. The HTC aqueous phase
can lack necessary components for optimal biodegradability and biogas yields; therefore, AD
process enhancements are needed. Nitrogen is a critical component that microorganisms need to
function; ammonia concentrations below 200 mg/L (0.2 g/L) are beneficial to the AD process (Y.
Chen et al., 2008). The pptimal C:N ratio has been reported to range between 20 and 30 (Dioha
et al., 2013; Tanimu, Ghazi, Harun, & Idris, 2014). A high C:N ratio can lead to nitrogen
deficiency, and low C:N ratio can lead to ammonia inhibition. Zhang et al., (2012) have
conducted experiments co-digesting food waste and piggery wastewater to show the importance
of trace metals to the AD process as cafeteria food waste is deficient in trace metals. The
stabilization of essential trace metals (Co, Fe, Mo, Ni) needed by microorganisms improved
digestion. Suggested amounts of trace metals are listed in Table 7.

Table 7. Essential micronutrients for AD process (Jørgensen, 2009a; L. Zhang & Jahng, 2012).
Essential micronutrients
Barium (Ba)
Iron (Fe)
Calcium (Ca)
Cobalt (Co)
Magnesium (Mg)
Molybdenum (Mo)
Nickel (Ni)

Optimum concentration mg/L
50
200
30
5
20
5
10

40

3.2.7 Biochar and Hydrochar
Biochar is solid material obtained from thermochemical conversion of biomass in an
oxygen-limited environment typically from processes such as pyrolysis and gasification.
Although biochar may be referred to using different names such as hydrochar and green coal, its
basic composition is fixed carbon, volatile matter, and ash, which is all based on the starting
material (Lehmann, Czimczik, Laird, & Sohi, 2012). Hydrochar refers to the solid material
produced after HTC. Sources of biochar include wood, agricultural crops, municipal solid waste,
or digester residues. Biochar is seen as an agent for soil amendments, remediation, and
greenhouse gas control given its stability and ability for carbon sequestration. Biochar’s features
are mainly attributed to the fact that it is considered an absorbent meaning that the processes of
treatment have allowed this material to acquire properties that allow for particles to adhere to the
surface and pores. Currently, biochar has been used as soil amendments and solid fuels as pellets
or blending with coal as a source of renewable energy (Lehmann et al., 2012).
3.2.8 Biochar Addition to Anaerobic Digestion
Recently, biochar has been used as an aid to enhance anaerobic digestion. Studies have
shown that this synergistic addition of biochar and activated carbon (what biochar can be
upgraded to) has increased overall biogas yields, reduced digestion inhibition/instability, and
reduced lag phases. This synergistic effect is due to biochar’s absorbent properties. In this case,
biochar can provide microorganisms a stable location to carry out necessary reactions for AD
namely methanogenesis or the process of converting acids into valuable biogas. Biochar does not
completely remove inhibitors; rather, it removes/reduces the mobility/bioavailability of them.
Fagbohungbe et al. (2016) conducted preliminary studies on using biochar with AD. Biochar and
varying ratios were investigated for AD performance. It was further shown that pores are
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responsible for the adsorption in biochar as metals, pesticides, phosphates, nitrates, and carbon
dioxide was found inside the pores. It was also shown that microbes colonize on the biochar,
facilitating AD stability. Karthika et al. (2017) reported in their review paper that
microorganisms in the AD process need nutrients and trace elements for survival. A study from
2016 showed that biochar addition shortened lag phase 41-45% and increased methane
production. Another important finding was that H S concentrations were reduced due to biochar
2

addition (Karthika, 2017). Zhao et al. (2018) conducted HTC experiments of food waste and the
subsequent AD with hydrochar addition. They found that hydrochars could alleviate some
inhibition during the AD process. The HTC food waste liquid phase methane yields increased
from 57.6 ml CH4/g COD to 145.67 mlCH4/g COD with the addition of the hydrochar.
3.2.9 Food Waste and Co-digestion
Co-digestion has been investigated as a promising option to enhance AD performance.
Co-digestion along with food waste is beneficial as another major waste stream is targeted,
capitalizing on its valuable waste characteristics. In the United States, food waste is estimated to
be between 30-40% of the food supply equating to 125-160 billion pounds of food each year.
U.S. restaurants (including those on college campuses) contribute 22-33 billion lbs./year.
Unfortunately, around 75% of this waste ends up in landfills furthering greenhouse emission
issues and increasing pollution globally. The U.S. EPA and United States Department of
Agriculture (USDA) have teamed up to reduce food waste by 50% by 2030 (Tagtow, Nguyen,
Johnson-Bailey, & Schap, 2015).
Food that is wasted is normally edible and nutritious. Reasons for food loss and food
waste include bad weather, processing, overproduction, unstable markets, overbuying, and poor
planning. These reasons cost the U.S. about $218 billion dollars a year. These issues are also an
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extra burden on the environment in terms of water and farmland used. In the U.S., currently only
10% of edible food waste is recovered each year. Anaerobic digestion has been a waste to energy
solution for much organic feedstock including food waste; however, in the U.S., less than 2% of
food waste in anaerobically digested (Xu, Li, Ge, Yang, & Li, 2018).
Food waste is a target substrate due to its high energy content, large quantity, and high
availability, but adopting AD for food waste management does present several challenges.
Mono-digestion of food waste typically leads to issues such has high VFA accumulation and
ammonia inhibition. A possible solution is co-digestion with other substrates. Co-digestion has
been shown to dilute toxic compounds, keep nutrients balanced and improve process stability. It
can also improve buffering capacity and reduce some of the effects of toxic compounds. Wang et
al. (2020) showed that methanogenesis can be enhanced by co-digestion of the HTC corn stover
liquid phase and corn stover (F. Wang et al., 2020). Xiaofeng et al. (2014) showed that codigestion of food waste with landfill leachate improved overall AD process performance (Liao,
Zhu, Zhong, Zhu, & Liao, 2014).
3.3 Materials and Methods
3.3.1 HTC MSW Aqueous Phase
The HTC MSW aqueous phase for the conditions of 280 ℃ and 10 min was used for
BMP experiments. An explanation of how the aqueous phase was made is provided in chapter 2,
but, briefly, a mixture of waste representing waste that typically ends up in the landfill was
hydrothermally processed.
3.3.2 Nitrogen, Trace Metals, and Biochar
Ammonium chloride (NH4Cl) (Sigma Aldrich) was used for nitrogen addition for
adjusting C:N ratio for the HTC MSW aqueous phase. Trace metals iron, cobalt, molybdenum,
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and nickel were added using iron chloride (FeCl3), cobalt chloride (CoCl2), molybdenum oxide
(MoO3), and nickel (Ni) powder. Optimal amounts were added to the HTC MSW aqueous phase
as suggested in the literature (Table 7). The Rouge Biochar obtained from Oregon Biochar
Solutions was used for these experiments. The biochar was made from softwood tree materials;
additional information regarding other characteristics is reported by Kharel et al., (2019) (Kharel
et al., 2019).
3.3.3 Food Waste
Food waste was obtained on the campus of Old Dominion University (Norfolk, VA) from
the Broderick Commons Dining Hall. This was the collection of food scraps not used by chefs
and included scraps of celery, onions, red peppers, potatoes, tomatoes, and corn (Figure 11).
Scraps were homogenized using a food processer (Black and Decker).

Figure 11. University food waste as received (left) and homogenized (right).

Table 8. Characteristics of biochar and food waste.

Biochar
Food waste

TS
(%DW)
10.8

VS
(%DW)
93.5

Ash
(%DW)
0.81

C
(wt.%)
74.6
45.7

N
(wt.%)
1.74
2.58

H
(wt.%)
0.96
6.32

O
(wt.%)
13.9
45.4
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3.3.4 Anaerobic Digestion-Biochemical Methane Potential (BMP) Test
BMP tests were conducted with the HTC MSW aqueous phase using an automatic
methane potential test system (AMPTS II Bioprocess Control AB, Sweden). The HTC MSW
aqueous phase SI ratio was set to 0.5. Each bottle contained 200-265 ml inoculum, 80-95 ml of
the HTC MSW aqueous phase, and DI water to reach 300-350 ml total volume. All tests were
conducted in triplicate, using 500 ml batch digesters at mesophilic conditions (37 ℃). Three
blank digesters with inoculum were used as a control. All reactors were purged with nitrogen for
1 minute to maintain an anaerobic environment. Stirring was set to 60 rpm to ensure
homogeneity within the bottles. Methane is measured by connecting a solution of sodium
hydroxide with phenolphthalein to ensure the measured gas volume is methane; for biogas
production, this system is removed. NH4Cl was added so that C:N ratio equaled 25 and 30. The
addition of biochar was 2g. For co-digestion 3g of food waste was used. A summary of BMP
experiments conducted can be found in Table 9. Biogas was quantified using a K60-V portable
multi gas detector (Kelisaike Tech). The detector was calibrated using a multi calibration gas
standard (Norlab).

A

B

C

Figure 12. AMPTS II BMP system a) sample incubation unit b) gas volume measuring device c)
computer software.
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Table 9. BMP experiments summary; HTC MSW AP=HTC MSW aqueous phase, N=nitrogen,
TM=trace metals, B=biochar, FW=food waste.
BMP experiments summary
Original HTC MSW aqueous phase
HTC MSW-AP (280 ℃ 10 min)
Nitrogen addition
HTC MSW-AP (280 ℃ 10 min) + N (C:N 25)
HTC MSW-AP (280 ℃ 10 min) + N (C:N 30)
Trace metal addition
HTC MSW-AP (280 ℃ 10 min) + TM
HTC MSW-AP (280 ℃ 10 min) + TM + N (C:N 30)
Biochar addition
HTC MSW-AP (280 ℃ 10 min) + B
HTC MSW-AP (280 ℃ 10 min) + B + N (C:N 30)
Co-digestion of university food waste
HTC MSW-AP (250 ℃ 10 min)
HTC MSW-AP (250 ℃ 10 min)+ N (C:N 30)
HTC MSW-AP (250 ℃ 10 min)+ B + N (C:N 30)
HTC MSW-AP (250 ℃ 10 min)+ FW

3.3.5 Analytical Methods-Aqueous Phase
Sugars and organic acids were measured by a Thermo Scientific Dionex Ultimate 3000
HPLC equipped with an Aminex HPX-87P column (sugars), an Aminex HPX-87H column
(organic acids), and a RefractoMax521 RI (refractive index) detector. All analyses were done in
triplicate. Other carboxylic acids were analyzed by PCF derivatization followed by GC-MS
(analysis done by National Renewable Energy Laboratory) analysis using a manual version of
the method developed by Kaspar et al., (2008), except that propylchloroformate was used in
place of a chloroform solution, pyridine was used in place of picoline and diethyl ether was used
in place of isooctane (H. Kaspar, K. Dettmer, W. Gronwald, & P. J. Oefner, 2008). These
modifications facilitated separation of derivatized formic and acetic acids from the solvent peaks.
The GC-MS analysis employed a 30 m, 0.25 mm ID RTX-50 capillary column but otherwise
matched the parameters of Kaspar et al. (2008). Total phenlolics were measured using EPA
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420.4 standard method (Pace Laboratories). Total nitrogen was measured with a total organic
carbon/total nitrogen (TOC/TN) analyzer TOC-VCSN, Shimadzu equipped with an ASI-V auto
sampler). pH was measured using a pH meter (Thermo Scientific-Orion 5 Star).
3.3.6 Biochar and Food Waste
Elemental analysis (Thermo Finnigan Flash EA 1112 elemental analyzer) with 2,5-Bis(5tert-butylbenzoxazol-2-yl) thiophene (BBOT) standard (certified no. 202147-10/03/2015,
ThermoFisher Scientific, Cambridge, UK) was done in triplicate for biochar and food waste.
Food waste was tested for total solids, volatile solids and ash as described in ASTM E1756-08,
EPA Method 1684, ASTM E1755-01, respectively.
3.4 Results and Discussion
3.4.1 HTC MSW Aqueous Phase Mass Balance
HTC MSW AP with the conditions of 280 ℃ and 10 min was highlighted due to its short
residence time and medium range temperature. Table 10 shows the major compounds identified
in the HTC MSW aqueous phase. The aqeuous phase mass balance was calculated using the
reported amounts from each compound, corresponding molecular weights (MW), total measured
COD (25.5 g/L), and total volume of HTC MSW AP (0.375 L) recovered from HTC. Equations
1-4 show the calculations with lactic acid as an example.
(1) 25.5 g/L COD x 0.375 L = 9.6 C (COD)
(2) MW carbon in compound/MW compound= % C compound
Ex. (24g)/(90g)=0.4 (40%)
(3) compound amount (g/L) * (0.375 L) * (compound % C)= compound g C
Ex. (13.32 g/L)* (0.375 L) * (0.40)= 2.00 g C
(4) compound g C/9.6 C (COD) * 100= % COD C
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Ex.(( 2.00 g C)/(9.6 C)) * (100)= 20.8 % COD C
The aqueous mass balance shows that out of the total identified compounds HMF and
lactic acid contributed to 50 % of the HTC MSW AP with 30.6 % and 20.8 %, respectively.
Zhang et al. (2021), who used this HTC MSW AP for another experiment, also identified
glycolic acid and 5-HMF; additionally, they identified catechol, sorbic, succinic, methylsuccinic,
isophthalic, and terephthalic acids. As previously mentioned, the mixed MSW starting material is
45% paper which starts as lingocellulosic biomass. Organic acids are produced throughout the
chemical reactions during the HTC of biomass. Cellulose is broken down to glucose during
hydrolysis and futher broken down into organic acids through dehydration and decarboxlyation.
During these two reactions, reactive intermediates such as HMF are formed due to carbohydrate
degradation (Weiner et al., 2014).

Table 10. Major compounds in HTC MSW aqueous phase.
Compound
Formic acid
Acetic acid
Propanoic acid
Glycolic acid
Indole
HMF
Lactic acid
Mannose
Xylose
Furfural
Total phenolics

(g/L)
0.52
0.59
0.07
4.89
0.22
13.73
13.32
1.56
2.20
0.30
0.02

COD acid (g)
0.0053
0.0093
0.0013
0.0612
0.0070
0.3056
0.2081
0.0244
0.0344
0.0074
0.0005
Total identified compounds (%)

COD C (%)
0.5
0.9
0.1
6.1
0.7
30.6
20.8
2.4
3.4
0.7
0.048
66.4

48

3.4.2 Anaerobic Digestion Process Parameters
AD requires a balance of process parameters such as pH, SI ratio, stirring/mixing, and
temperature to ensure adequate digestion and biodegradation of the substrate. The optimal AD
pH range is between 6.5 and 8 with the optimal pH around 7 as pH influences microorganism
enzymes and reaction kinetics (Filer, Ding, & Chang, 2019; Jørgensen, 2009a). The pH for HTC
MSW AP digestion experiments stayed within this optimal range throughout all experiments.
Although the pH of the HTC MSW AP was acidic (pH 3-4) the inoculum with a pH around 8
fully buffered the system. The pH was monitored before, during and after the experiments and
ranged from 7-8 before experiments and 6.76-7.75 after experiments. Any digestion issues
related to pH are not applicable for these experiments as all were well in optimal pH digestion
range. Another important process parameter to evaluate is SI ratio (Raposo et al., 2011). Many
papers testing AD of an aqueous phase maintained a low SI ratio to avoid volatile fatty acid
accumulation as HTC AP contains readily available organics for digestion (Caillet, Lebon,
Akinlabi, Madyira, & Adelard, 2019; González-Fernández & García-Encina, 2009; Zhao et al.,
2018). SI ratio is partly dependent on the substrate and should be tested to find the optimal ratio
especially due to substrate variability. For HTC MSW AP experiments, the SI ratio was kept
between 0.3 and 0.5 and was measured as (COD substrate/VS inoculum). It should be noted that
preliminary tests were conducted to test increasing the SI ratio by increasing COD to increase SI
ratio to the ranges between 1-3. This was done to see if digestion would improve by adding more
readily available COD. For HTC MSW AP (280 ℃ and 10 min) any SI ratio over 0.65
completely inhibited digestion of the HTC MSW AP.
3.4.3 Anaerobic digestion of HTC MSW Aqueous Phase
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Initial testing of the HTC MSW AP proved that digestion is feasible and improvements
must be made to improve digestion. Table 11 shows all AD testing in terms of biogas and
methane production which are given in grams of COD and TOC. It is well known that COD is a
parameter that can express biodegradation as it represents the amount of oxygen used to degrade
organic matter in water where the conversion of 1 g of COD produces 350 mL methane at
normal temperature and pressure (Jørgensen, 2009a). The COD methane is typically used for
methane potential; some values are also reported in terms of TOC as it represents readily
available organic acids for digestion. The literature reports AD of 1 mol of organic carbon results
in 1 mol of biogas (22.414 L) which is equivalent to 1.868 L (1868 ml) of biogas per gram TOC
(Task, 2018b). AD % biodegradability based on theoretical yields is shown in Table 12 in terms
of both COD and TOC.
Table 11 shows that the original HTC MSW AP without any AD enhancements yielded
91 ml biogas/g COD (293 ml biogas/g TOC); however, the CH4 content was very low with the
maximum around 16 % and CO2 content maximum of 40%; thus, these deficiencies were
investigated and attempted to be improved upon to increase biogas yields and methane content.
3.4.4 Digestion and Methane Content (Biogas Yields)
Figure 13 displays cumulative biogas yields for all digestion experiments, and Figure 14
shows the daily biogas production. As seen in Figure 14, most studies of AD of a HTC aqueous
phase report the highest biogas production within the first 10 days as readily available organics
are available (Erdogan et al., 2015; Hoekman et al., 2011; Marques, 2001; Oliveira et al., 2013;
Posmanik et al., 2017; Wirth et al., 2012; Zhao et al., 2018). To the best of my knowledge, there
have been no other reports testing the biodegradability of a mixed MSW feedstock; however, the
closest comparable study used the organic fraction of MSW with integrating the combined HTC
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+ AD process (Lucian et al., 2020). Lucian et al. (2020) reported CH4 yields ranging from 166205 ml/g COD and reported COD concentrations of 39.74-42.62 g/L. They considered 250 ℃ as
a more severe process condition which was considered a low temperature for HTC MSW AP
experiments; however, they found that their condition of 250 ℃ for 6 h inhibited methane
production. This study gives insight on more favorable process conditions that could produce
more AD suitable compounds such as sugars while limiting the formation of inhibitory
compounds that form at higher temperatures such as those addressed in these studies.
Weiner et al. (2014) conducted HTC on wastepaper with subsequence AD of the HTC
AP. Similar to HTC MSW AP, one of the major organic components was lactic acid formation,
accounting for 19% of the total identified organic components. The reported CH4 concentrations
ranging from 50-55% similar to the CH4 content of the HTC MSW AP with added nitrogen.
Another comparable wastewater to the HTC MSW AP is landfill leachate. HTC MSW feedstock
composition is based on waste that would typically go to the landfill. Landfill leachate is formed
from rainwater percolated through the landfill and contains components from landfill waste such
as organic matter, nutrients, toxins, and heavy metals. Many studies focus on landfill leachate as
a feedstock for AD to degrade organic matter. Most landfill leachate CH4 content is reported
between 45 and 55% (Karthika & Bindu, 2017; Yarimtepe & Oz, 2015).
Biomass can consist of a different number of substrates, but the main composition is
divided into three categories: cellulose (carbohydrates), proteins, and fats. Methane content for
organic matter digestion that has more fats is almost twice as high as the methane content for
protein and cellulose (Table 11) (Jørgensen, 2009a).
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Table 11. Biogas and methane yields per organic substance; STP=standard temperature and
pressure (reproduced from (Jørgensen, 2009a)).
Organic
substance

Process

Cellulose
Protein
Fat

(C6N10O5)n + nH2O→3nCH4 + 3nCO2
2C5H7NO2 + 8H2O→5CH4 + 3CO2 + 2(NH4)(HCO3)
C57H104O6 + 28H2O→40CH4 + 17CO2

Gas yield (STP)
ml biogas/g
ml CH4/g
830
415
793
504
1444
1014

CH4
(%)
50
63.6
70.2

(a)

(b)
Figure 13. Cumulative biogas yields HTC MSW AP (a) 280 ℃ HTC MSW AP (b) 250 ℃ HTC
MSW AP.
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Figure 14. Daily biogas production HTC MSW AP 280 ℃ HTC MSW AP

3.4.5 Anaerobic Digestion Inhibition and Enhancements-Nitrogen
Out of all macronutrients, nitrogen is one of the most important for microorganism
growth and function. In particular, methanogens (methane producing bacteria) depend on
nitrogen for optimal function. Nitrogen can also inhibit the AD process as too much can be toxic
to the microorganisms; therefore, C:N ratio is a parameter that helps to determine nitrogen
availability with the AD process. Containing only 0.13 g/L TN (Table 3), the original HTC
MSW AP has a very high C:N ratio indicating poor nitrogen supply to the bacteria for AD. For
these sets of experiments an additional nitrogen source in the form of NH4Cl was added to the
aqueous phase to reach C:N ratios between 25-30. It is reported in the literature that this is the
optimal range to provide bacteria with nitrogen without leading to ammonia inhibition (Y. Chen
et al., 2008; Dioha et al., 2013; Filer et al., 2019; Jørgensen, 2009a). For these experiments, the
C:N was lowered from 63 to 28 and 32. Biogas production increased 152% from 91 ml biogas/g

53

COD to 230-241 ml biogas/g COD. Biodegradability in terms of TOC increased from 12% to 4042%. CH4 and CO2 content yields also increased from 12-16% to 45-50%, and 25% to 30%,
respectively. Experiments without any AD enhancements yielded very low biogas content which
may bring into question other gases in the biogas mixture. Since nitrogen gas was introduced into
the system to flush out the reactor environment, it is assumed to still be a part of the total gas
volume as well. Hydrogen sulfide was also detected qualitatively with the biogas detector. These
experiments emphasized the importance of another N source to support the AD process. Zhang et
al. (2021) used this same HTC MSW AP as a feedstock for marine protist to remove TOC to
valorize lipid production. They also had to add a nitrogen source (in the form of NH4Cl) to
provide a suitable C:N ratio for cell growth. Adding a nitrogen source to the HTC MSW AP is
critical for better digestion and biogas content.
3.4.6 Organic Compounds
There is a wide range of organic compounds that can inhibit anaerobic digestion;
however, inhibition concentration ranges vary widely. For example, many wastewaters typically
contain high concentrations of phenolic compounds which is usually extremely inhibitory to the
AD process (Borja, Martín, Maestro, Luque, & Durán, 1993; Borja, Martin, Maestro, Alba, &
Fiestas, 1992; Fedorak & Hrudey, 1984). Fedorak et al. (1984) concluded that phenol
concentrations less than 500 mg/L were fermented to methane, concentrations 800 mg/L-1200
mg/L neither enhanced nor inhibited methane production and phenol concentrations over 2000
mg/L led to inhibition. For HTC MSW AP total phenolics were 0.02 mg/L accounting for less
than 1% of the HTC MSW AP composition. The focus is now the two organic compounds that
make up 50% of the HTC MSW AP which is lactic acid and HMF. Zhang et al. (2007)
performed a study to determine the influence of lactic acid on the methanogenic process. They
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found that lactic acid had a negative influence on the performance of methanogenesis (B. Zhang,
Cai, & He, 2007). Cheng et al. (2020) also conducted studies to improve the inhibition of lactic
acid on the AD process (Cheng et al., 2020). Another organic compound of concern to the AD
process is HMF, which has been reported to have inhibitory effects above 2.0 g/L (Khan,
Krümpel, Wüst, & Lemmer, 2021; Pekařová et al., 2017; Phuttaro et al., 2019). The presence of
HMF could also be responsible for such low CH4 content in the original HTC MSW AP without
the addition of nitrogen (Pekařová et al., 2017).

Table 12. HTC MSW AP biogas production and biogas content.

Sample Description
Original HTC MSW
aqueous phase
HTC MSW-AP (280 ℃
10 min)
Nitrogen addition
HTC MSW-AP (280 ℃
10 min) + N
HTC MSW-AP (280 ℃
10 min) + N
Trace metal addition
HTC MSW-AP (280 ℃
10 min) + TM
HTC MSW-AP (280 ℃
10 min) + TM + N
Biochar addition
HTC MSW-AP (280 ℃
10 min) + B
HTC MSW-AP (280 ℃
10 min) + B + N
Co-digestion of
university food waste
HTC MSW-AP (250 ℃
10 min)
HTC MSW-AP (250 ℃
10 min)+ N
HTC MSW-AP (250 ℃
10 min)+ B + N
HTC MSW-AP (250 ℃
10 min)+ FW

C:N ratio

ml
biogas/g
COD

ml
biogas/g
TOC

ml CH4/g
COD

ml CH4/g
TOC

%
CH4

%
CO2

63

91

293

15

47

1216

2530

28

230

747

120

373

50

36

32

241

785

120

393

50

36

66

79

253

-

127

-

-

36

95

305

-

153

-

-

42

59

180

30

90

50

35

34

73

224

36

112

50

35

45

133

400

60

180

45

35

33

123

368

55

166

45

35

33

144

432

65

194

45

35

27

177

449

80

202

45

35
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Table 13. HTC MSW biodegradability and comparisons with theoretical values.

Sample Description
Original HTC MSW
aqueous phase
HTC MSW-AP (280 ℃
10 min)
Nitrogen addition
HTC MSW-AP (280 ℃
10 min) + N
HTC MSW-AP (280 ℃
10 min) + N
Trace metal addition
HTC MSW-AP (280 ℃
10 min) + TM
HTC MSW-AP (280 ℃
10 min) + TM + N
Biochar addition
HTC MSW-AP (280 ℃
10 min) + B
HTC MSW-AP (280 ℃
10 min) + B + N
Co-digestion of
university food waste
HTC MSW-AP (250 ℃
10 min)
HTC MSW-AP (250 ℃
10 min)+ N
HTC MSW-AP (250 ℃
10 min)+ B + N
HTC MSW-AP (250 ℃
10 min)+ FW
Literature
comparisons
Landfill Leachate
(COD=28.5 g/L)
Organic Fraction MSW
(COD=40.56 g/L)

ml
CH4/g
COD

ml CH4/g
COD
theoretical

%
biodegradability
CH4

ml
biogas/g
TOC

ml
biogas/g
TOC
theoretical

%
biodegradability
biogas

91

350

26

222

1868

12

120

350

34

747

1868

40

120

350

34

785

1868

42

-

350

-

253

1868

14

-

350

-

305

1868

16

30

350

10

180

1868

10

36

350

9

224

1868

12

60

350

17

400

1868

21

55

350

16

368

1868

20

65

350

19

432

1868

23

80

350

23

449

1868

24

154

350

44

-

-

-

166

350

47

-

-

-

3.4.7 Trace Metals and Biochar
Micronutrients are an essential component to the AD process to support proper cell
function to microorganisms responsible for biodegradation. Many reports show that trace metal
addition support enhances AD, typically through an added source for co-digestion. Trace metals
Co, Fe, Mo and Ni have been found to be essential to microorganism function at optimal
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concentrations (L. Zhang & Jahng, 2012). The trace elements were added to the HTC MSW AP
to test for any enhancements or improvements; Figure 15b shows biogas production for the HTC
MSW AP comparing the original (green) with TM addition and TM with nitrogen. TM addition
did not improve the process at all; moreover, it hindered the AD process. Nitrogen addition with
TM only slightly improved digestion compared to the original HTC MSW AP.
It was originally proposed to use HTC MSW hydrochar to aid in AD of the HTC MSW
AP; however, testing showed that HTC MSW for the condition of 280 ℃ and 10 mins had very
low surface area (1.2 m2/g). Thus, a model biochar (Kharel et al., 2019) was used to investigate
the effects of biochar addition in enhancing the AD process. Figure 15c shows HTC MSW AP
with 2.0g of biochar addition. Although yields increased amongst each other with the addition of
nitrogen, biochar did not improve yields; however, what was observed is that CH4 content did
increase from the original HTC MSW AP CH4 from 16% to 50%. Biochar helped to improve
CH4 %, but not over biogas yields.
Zhao et al. (2018) conducted HTC of food waste and used the HTC food waste hydrochar
to improve digestion and reported a 2.53 times higher specific methane yield than without
hydrochar (Zhao et al., 2018). It is important to note that although hydrochar improved CH4
yields, it took 45 days for the HTC food waste aqueous phase combined with hydrochar to pass
the HTC food waste CH4 yields. The HTC food waste aqueous phase only yielded 57.5 ml CH4/g
COD, but with hydrochar it increased to 145.67 ml CH4/g COD. They did not report CH4
content.
3.4.8 Co-digestion of Food Waste (Nitrogen Addition)
Food waste was used to introduce a nitrogen source to the HTC MSW AP that could
address another major waste stream while capitalizing on the benefits of co-digestion. Food
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waste is highly available and is considered a good substrate for AD; however, without codigestion inhibitions have been shown to occur (Task, 2018a). Food waste is highly variable
depending on the source as it contains varying concentrations of carbohydrates, proteins, lipids
which of course affect CH4 content and volume. University food waste from ODU had a very
high moisture content (91%) and a low VS/TS ratio of 9%. Based on the as-received food waste
composition of fruit and vegetable scraps this is expected. Akarsu et al. (2019) also collected
food waste from a dining hall and had very similar characteristics with moisture being 91.9% and
a VS/TS ratio of 12% (Akarsu et al., 2019). Typically, food waste such as fruit and vegetable
waste with higher lignocellulosic fractions has lower methane potentials (Xu et al., 2018).
Preliminary co-digestion experiments with HTC MSW AP condition 280 ℃ 10 min
showed that food waste addition did not improve digestion; however, the condition 250 ℃ 10
min was investigated due to its lower HMF and lactic acid concentrations (Table 2), C:N ratio
(40) and digestion. Figure 15d shows AD experiments of the 250 ℃ 10 min HTC MSW AP with
nitrogen, biochar and food waste additions compared to the original HTC MSW AP for 280 ℃
and 10 min. The additional nitrogen source and biochar addition seemed to hinder the 250 ℃ 10
min performance while FW addition did improve its yields from 21 % to 24 % based on TOC;
however, the average CH4 content (45%) was a little lower compared to the other condition.
University food waste proved not to be the best co-substrate for HTC MSW AP, but perhaps a
more lipid rich food waste source could improve biogas yields and CH4 content. Bouallagui et al.
(2009) investigated the co-digestion of fruit and vegetable waste with abattoir wastewater, and
food waste only slightly improved digestion yields 8.1% but improved AD process stability in
terms of VFA accumulation (Bouallagui, Lahdheb, Ben Romdan, Rachdi, & Hamdi, 2009).
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Xiaofeng et al. (2014) investigated co-digestion of food waste and landfill leachate based on
reactor conditions; CH4 content ranged from .06-53% (Liao et al., 2014).

(a)

(b)

(c)
(d)
Figure 15. Biogas production for different AD enhancments compared with original HTC MSW
AP (green) (a) nitrogen addition (b) trace metals addition (c) biochar addition (d) food waste
addition.

3.4.9 HTC as a Pre-treament to AD
Hydrolysis is the first step of AD and usually is the rate limiting step due to the
degradation of long-chain molecules within protein, carbohydrate, and fat polyemers. Hydrolysis
is usually the cause for long retention times during the AD process. HTC processing essentially
eliminates the hydrolysis step of AD by breaking down biomass within a few mintues to a few
hours, as organic compounds are readily available after the HTC reaction. In a well balanced AD
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process 50% of monomers (e.g. sugars, amino acids, VFAs) are broken down into acetic acid,
20% are broken down into CO2 and hydrogen, and the remaining 30% are broken down into
short chain VFAs (Jørgensen, 2009a). After this process methanogens degrade acetic acid to CH4
(70%), and another group produces CH4 from CO2 and hydrogen (30%). From this fact, it can be
determined that acetic acid production is the most ubiquitous compound that methanogens use to
produce CH4 in biogas. The literature shows that studies reporting higher levels of acetic acids
had higher biodegradability of the aqueous phase ranging from 1.5-3.7 g/L acetic acid (Erdogan
et al., 2015; Lucian et al., 2020; Zhao et al., 2018). Acetic acid amounts from the HTC MSW AP
ranged from 0.3-0.7 g/L which may also have impacted overall biodegradability, along with the
presence of inhibitory acids such as HMF and lactic acid. As previoulsy mentioned, one of the
most successful experiements with AD of the aqueous phase was done by Lucian et al., (2020)
with the OFMSW as the feedstock yielding 205 ml CH4/gCOD with a 59% biodegrability
compared to theoretical CH4 values. This reaction condition was 180 ℃ for 1 hour. This lower
temperature allowed for more production of sugars and less inhibitory compounds.
3.5 Conclusions
The purpose of this set of experiments was to enhance the HTC MSW AP in order to
improve digestion and biogas yields with the addition of a nitrogen source (NH4Cl), trace metals,
biochar, and with co-digestion of food waste. The best conditions for the 280 ℃ 10 min HTC
MSW AP proved to be the addition of NH4Cl which lowered the C:N ratio from 63 to 28-32. By
doing this, CH4 content increased from 12-16% to 50%, and CO2 content increased from around
25% to 36%. Biogas biodegradabilty of the HTC MSW AP increased from 12 to 40-42%.
Although the addition of food waste did not enhance the 280 ℃ 10 min, it did improve the 250
℃ 10 min condition around 4% in terms of biodegradability which may not be of statistical
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significance, futher proving that co-digestion with a solid substrate such as food waste is not the
best enhancement option for HTC MSW AP.
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CHAPTER 4
ENERGY, COST, AND ENVIRONMENTAL IMPACT EVALUATION OF
INTEGRATED PROCESSING (HTC + AD) APPROACH
4.1 Introduction
Previous chapters demonstrated that HTC MSW AP digestion is feasible and adding AD
enhancements can improve biodegradability and overall biogas content. Experimental results
were accomplished to eventually provide an evaluation and estimation of cost for upscaling the
combined HTC + AD integrated process and to investigate potential cost to the environment
compared to other waste management strategies.
As previously mentioned, Americans generate a lot of waste, amounting to 4.9
lbs./person/day as of 2018 and that number has increased over the years. Conventional ways to
dispose of waste include landfilling, incineration, and recycling/composting. Waste conversion
technologies take waste disposal a step further by aiming to capitalize on the energy contained
within the waste. Most conversion technologies use thermal or biological means to convert waste
to value-added products such as energy. HTC is seen a promising way to convert waste to
energy. Although there are a few studies, HTC pilot plant data shows that HTC upscaling could
be a sustainable alternative means to treat waste. A major source of data missing for the
complete LCA of HTC of waste is utilization of the aqueous phase which this research aims to
address.
The literature has also shown that many LCA studies have not fully followed proper LCA
guidelines resulting in incomplete data sets and biased results as it relates to solid waste
management systems (SWMS). All of these factors will be taken into consideration for the
integrated processing approach, and all assumptions will be reported.
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Since the 1960s, businesses and industries have been using Life Cycle Assessments
(LCAs) to help assess how their activities affect the environment. This “cradle to grave”
approach assesses all stages of the life of a product or process from beginning to end as it gives a
holistic view of each stage. LCA typically consist of four stages: goal definition and scoping,
inventory analysis, impact assessment, and interpretation (Corporation & Curran, 2006).
Advantages of using an LCA would be comprehensive evaluation of cost and price, performance
evaluation and avoidance of transferring environmental problems (Corporation & Curran, 2006).
There are several articles on upscaling HTC of various feedstocks and waste with a
weighted focus on hydrochar as the main product. The literature lacks conclusive data on the
HTC aqueous phase. To the best of my knowledge, literature has not been published on
upscaling with the combined process of HTC and AD of the aqueous phase, which would more
fully complete the LCA of large-scale HTC plants by offering aqueous phase characterization
and alternative usage through anaerobic digestion. Special attention will be put into adhering to
all standard guidelines for the most transparent and conclusive evaluation.
Figure 16 shows the proposed integrated HTC MSW + AD process. The purpose of this
chapter is to use experimental data to provide information and estimations for the energy
balance, energy efficiency, and cost analysis of the integrated process. A preliminary LCA was
also conducted for the integrated process to compare to other waste management practices in
order to investigate environmental impacts in terms of greenhouse emission effects. Based on
experimental data and data from the literature, this chapter will answer the following questions:
how will the combined process (HTC + AD) be able to treat our waste on the large scale, and
how does it compare to conventional practices such as incineration and landfilling in terms of
energy and environmental impacts?
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Figure 16. Proposed integrated HTC MSW + AD process.

4.2 Background and Literature Review
4.2.1 HTC Industrial Scale Overview-Energy Balance, Efficiency, Cost, and LCA
Table 13 provides a summary of the existing industrial scale HTC technologies, all of
which are located in Europe. Most of these HTC plants are processing biomass for the
production of chemicals and biochar leaving the aqueous phase for further processing.

Table 14. Industrial scale HTC summary (reproduced from Saqib et al. 2019).
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Stemann et al. (2011) used beech wood to model a semi-continuous HTC plant with heat
recovery through means of recycling hot compressed water (Stemann & Ziegler, 2011). They ran
a simulation of this model using Engineering Equations Solver and a sensitivity analysis of
biomass water content and heat of reaction. Major findings were that continuous/semicontinuous HTC processes were more efficient in terms of reaction heat and also that recycling
the liquid phase is favorable because waste water is reduced and heat can be recovered (Stemann
& Ziegler, 2011).
Berge et al. (2012) compared current waste disposal options (landfilling, composting, and
incineration) with HTC as an alternative to treat waste. Results from a previous study by the
same author were used to calculate CO equivalents as a means to compare environmental
2

effects. They found that gaseous products from HTC resulted in fewer g CO equivalent
2

emissions than gases associated with landfilling, composting and incineration, suggesting that
HTC could be a promising alternative to incineration. Hydrochar is seen as a source of carbon
sequestration especially with carbon in the liquid phase. Although the aqueous phase accounts
for 5-20% of initial C after HTC, they did not calculate its energy content. HTC also has the
advantage of reducing/breaking down emerging compounds found within waste. Mixed MSW
resulted in -0.13 g CO2 equivalent per gram of wet waste then landfilled materials, meaning CO

2

reduction (Lu, Jordan, & Berge, 2012). They also predicted that HTC of MSW could result in 4.6
times more energy than landfilling; however, to complete the entire LCA, the liquid and gas
phases must be analyzed more thoroughly (Lu et al., 2012).
Lucian et al. (2017) used off-specification compost and grape marc to convert into
pelletized hydrochar at two temperatures of 180°C and 250°C for 1, 3, and 8 hours. This study
considered an industrial scale HTC plant with the production cost and benefits of pelletized
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biochar from this feedstock. Major findings were that the plant resulted in 78% efficiency and
that results obtained in bench/batch scale for HTC can predict operating conditions in continuous
modes at the large scale (Lucian & Fiori, 2017). They did not have any data for the liquid phase
which would give a more overall view of the analysis.
Junting et al. (2017) also examined the industrial application of HTC treatment. The first
large scale HTC plant was built in Germany in 2010, and to date there are four more; examples
include BIOBOOST (2015) and NEWAAP (2015) which both use hydrochar as alternative fuel
as the main application (Junting, Guangming, Wenzhi, Juwen, & Haochen, 2017). This paper
also demonstrates that a problem with the entire HTC LCA is utilization of the aqueous phase.
In a previously reviewed study, Wirth et al. (2012) used corn silage for HTC at 220°C for
6 hours. They found that HTC liquid phase has faster degradation of 60% COD removed in 8
days (Wirth, Mumme, & Erlach, 2012). They used results from this study to create an economic
feasibility assessment for HTC at an industrial scale using Aspen Plus for assistance. The major
finding was that higher COD degradation (80%) and an organic loading rate (OLR) of 1.5 Kg
COD m d makes the HTC plant more economically feasible.
-3

-1

The “New technological applications for wet biomass waste stream products” or
NEWAAP project is coordinated by the European Biomass Industry (EUBIA) and focuses on
using HTC to convert wet biomass to carbon products with high quality. Much of its data is
based on a pilot scale HTC plant in Spain called Ingelia. One section of this report introduces a
life cycle analysis of the HTC system for two applications: hydrochar as a solid fuel and soil
conditioner for barley agriculture. Comparison of impact scores of this study indicate that using
hydrochar as a fuel is better than soil amendment applications. This study based its findings on
hydrochar and soil amendments produced from green waste. They have defined functional units,
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system boundaries for solid fuel option and soil conditioner options, comparisons, and modelling
frameworks for the LCA (Lucian & Fiori, 2017).
Owsianiak et al. (2016) used the organic fraction of MSW to construct a LCA for
industrial scale HTC. Overall, it performed the best in six impact categories. Major findings from
this study conclude that all waste streams are promising for HTC, environmental performance of
HTC is expected to improve with upscaling, and measuring process water would complete the
LCA. The largest potential for improvement would be optimizing the use of heat and electricity
from the overall HTC process (Owsianiak, Ryberg, Renz, Hitzl, & Hauschild, 2016).
As there is a continuous increase in worldwide solid waste generation, there is a need for
environmental sustainability to combat the negative impacts associated with this generation. This
is dependent on proper LCA construction. Laurent et al. (2013) published a two-part critical
review of 222 published LCA studies of solid waste management systems (SWMS). Major
findings in part one were that there is very little agreement among the LCA studies across the
board, analysis has a strong dependence on solid waste local conditions, and Europe is producing
most data for LCA of SWMS. The LCA is supposed to be a decision support tool that takes a
holistic approach in quantifying and identifying environmental problems; however, they found
that many of the published LCA studies did not have or have omitted certain factors according to
the LCA handbook (International Organization for Standardization (ISO) 14044 standards/
International Reference Life Cycle Data (ILCD) Handbook) thereby creating an incomplete
picture for decision makers. The research in this paper was aimed to support better overall use of
LCAs of SWMS. Using a ranking system based on certain criteria that uses the LCA standards,
they found that LCA strength resides in its ability to reproduce local conditions and use proper
LCA methodology.
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In part two of the study, Laurent et al. (2014) analyzed the practice of published articles
with ISO standard requirements and ILCD handbook guidelines for each step of the LCA
process: goal definition, scope definition, inventory analysis, impact assessment, interpretation
phases of methodology as seen in Figure 17. Critical findings showed there were malpractices
present in several LCA studies with large differences across the board, compared to the LCA
standards, as many studies have neglected major steps in the LCA process. Also, many papers
lack transparency in defining goals and scope of the analyses. This paper provides
recommendations for a high quality, comprehensive and holistic LCA for SWMS for each step.
Only 20% of studies said they followed ISO 14040/44 standards; even some of those had critical
flaws.

Figure 17. Major LCA methodological steps (reproduced from Laurent et al. (2014)).

4.2.3 Importance of Global Warming Potential
Global climate change is certainly one of the most controversial issues of our time which
stems from the uncertain nature of the topic; however, what remains certain is the science behind

68

how the Earth functions. Throughout history, Earth’s climate has varied due to complex
interactions between oceans, winds, and land creating a cycle of warming and cooling for the last
millions of years. Many think that climate change is a new concept not realizing that it is an
intrinsic part of our planet’s being. Although climate is said to have been stable over the last
10,000 years, human impact has greatly influenced the Earth’s climate. Sources of human impact
include carbon emissions from burning fossil fuels, deforestation, use of pesticides, and so on.
Climate change has been a direct effect of the anthropogenic effects on greenhouse gases that are
rapidly and constantly emitted into our atmosphere. A major source of these greenhouse gases is
energy -- something that the human population could not live without.
4.3 Materials and Methods
4.3.1 Energy Efficiency, Balance, and Cost
The HTC + AD process was scaled up using data from a similar process proposed by
Lucian et al., (2017) and Stemann et al., (2011) (Lucian & Fiori, 2017; Lucian et al., 2020;
Stemann & Ziegler, 2011). This process scales up the lab scale reactor to a 1.5m3 carbon steel
(Figure 18a) batch reactor with corresponding energy demand (kWh/tonMSW) and energy
efficiency. This is combined with a cost estimation balance conducted by Nayono et al. (2009),
to evaluate energy efficiency, balance and cost of the integrated HTC + AD process (Nayono,
Winter, & Gallert, 2010). Table 15 lists all relevant HTC scale up parameters, constants, and
calculations.
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Figure 18. (a) picture of carbon steel batch reactors (reproduced from Namioka et al.
(2008))(Namioka, Miyazaki, Morohashi, Umeki, & Yoshikawa, 2008) (b) HTC + AD integrated
process scenario.
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Table 15. HTC + AD energy and cost balance constants, terms, and calculations (1 ton MSW).
HTC
Temperature (T) (experimental conditions)

280 ℃ (553 K)

HHV MSW (experimental data)

17.8 MJ/Kg

HHV HTC MSW hydrochar (experimental data)

23.4 MJ/Kg

MSW solids

635 Kg

Total volume of water added to reactor

1170 L

HTC batch reactor (low carbon steel) (Namioka
et al., 2008)
Thermal energy for 1.5 m3 carbon steel reactor
(Namioka et al., 2008)
Heat capacity of dried biomass (Namioka et al.,
2008)
Heat capacity of water

1.5 m3
1550 kJ/K
1.7 kJ/Kg ℃
4.2 kJ/Kg ℃

AD
Aqueous phase production (upscaled 3000x from
experimental results)
Design HRT (experimental data)

1.2 m3

Active AD reactor volume (Nayono et al., 2010)

15 m3

Daily methane production (experimental data)

66.56 m3/d

Energy recovered (50% efficiency)

291 kWh/d

Energy Efficiency (n) (Lucian et al., 2020;
Stemann & Ziegler, 2011)
n=efficiency (Lucian et al., 2020) (for HTC + AD
processes)

10-15 d

EnergyMSW

𝐸𝑛𝑒𝑟𝑔𝑦𝑡ℎ,𝑜𝑢𝑡𝑝𝑢𝑡
𝐸𝑛𝑒𝑟𝑔𝑦𝑀𝑆𝑊,𝑖𝑛𝑝𝑢𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑒,𝑖𝑛𝑝𝑢𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑡ℎ,𝑖𝑛𝑝𝑢𝑡
Energy in starting MSW feedstock

EnergyHTC

Energy demand to heat reactor

Energyth,dryer

Energy consumption due to dryer (800 kWh/tonwater )

Energye,filter press
Energyth,HChydrochar

Energy consumption for filter press (45
kWh/tondryhydrochar)
Energy released by hydrochar combustion

Energyth,CH4

Energy released by biogas burning (8.73 kWh/Nm 3)

$/kWh (2020 average)

0.13
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4.3.2 Life Cycle Assessment
4.3.3 Goal, Scope and Functional Unit
The goal of this study is to use results from an LCA to compare environmental impacts
from the scope of global warming potential (GWP) associated with HTC of MSW with those
associated with other conventional waste management technologies including landfilling and
incineration. This study considers the consumption and/or production of materials and energy, as
well as pollutant emission generated throughout the treatment approach. The functional unit of
this study is defined as the treatment of 1 ton (907 Kg) of waste that would typically end up in
the landfill.

Figure 19. Total MSW landfill by material, 2018 (reproduced from (U.S. Environmental
Protection Agency (EPA), 2019)).
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Table 16. MSW generation defined in EASETECH.

4.3.4 Modeling Approach
LCA modeling was performed using the Environmental Assessment System for
Environmental Technologies (EASETECH, version 2.0.0), which is a mass-flow based LCA tool
developed by researchers at the Technical University of Denmark to evaluate the environmental
impact of waste management practices (Clavreul, Baumeister, Christensen, & Damgaard, 2014).
EASETECH was chosen for this study because it has been extensively used for modeling wasterelated processes, tracking waste flows, and consuming/recoverying resources. It has also been
used for environmental emission through user defined waste management systems. All input
waste material fractions are specified in terms of elemental composition and fraction specific
properties and are tracked through the system. Additional details associated with EASETECH
and its use modeling these systems can be found using the work done within Clavreul et al.
(2014) (Clavreul et al., 2014).
4.3.5 Description of Scenarios and Data Inventory
Six MSW treatment approaches were modeled and evaluated (Figures 20-25) and are
described in Table 17. Inventory data associated with these scenarios were calculated from
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experimental results presented throughout these chapters and collected from previously
published data sources including waste management databases within the EASETECH software.

Table 17. Modeled waste management scenarios with descriptions and assumptions.
Waste Management Scenario
1

Landfilling (with energy recovery)

2

Landfilling (without energy recovery)

3

Landfilling (without carbon
sequestration)

4

Incineration

5

HTC + AD (with hydrochar
combustion)

6

HTC + AD (without hydrochar
combustion)

Description/assumptions
All waste landfilled into landfill. Landfill gas is
assumed combusted in gas-fired combined heat
and power plant, generating heat and electricity.
Remaining carbon is left in landfill untouched or
is used for leachate treatment.
All waste landfilled into landfill. Landfill gas is
emitted as emission to the environment.
Remaining carbon is left in landfill untouched or
is used for leachate treatment.
All waste landfilled into landfill. Landfill gas is
emitted as emission to the environment.
Remaining carbon is emitted as CO2 and/or no
leachate treatment.
All waste was incinerated. No recycling of
metals.
All waste treated in HTC process. The produced
aqueous fraction is sent to anaerobic digestion.
Solid fraction remains for further treatment. Gas
from HTC is admitted as emissions to the
environment.
All waste treated in HTC process. The produced
aqueous fraction is sent to anaerobic digestion.
Solid fraction is combusted in co-fired power
plant after drying and removal of glass and
metals. Gas from HTC is admitted as emissions
to the environment.
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Figure 20. Scenario 1-Landfill with energy recovery.
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Figure 21. Scenario 2-Landfill without energy recovery.
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Figure 22. Scenario 3-Landfill without carbon sequestration.
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Figure 23. Scenario 4-Incineration.
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Figure 24. Scenario 5-HTC + AD without hydrochar combustion.
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Figure 25. Scenario 6-HTC + AD with hydrochar combustion.
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4.3.6 LCA System Boundary, Impact Categories, Methods, and Life Cycle Impact Assessment
(LCIA)
Upstream processes such as waste collection, and transport are not considered in this
study as it is assumed these values are the same for all management practices. The boundary of
the system was set at the treatment facility gate and included downstream emissions to the
environment and energy recovery. Downstream utilization of recovered heat/electricity was
credited to the system by system expansion into the energy and industrial sectors (saved
production of energy and virgin materials).
Global Warming Potential (GWP) is one of the recommended impact categories from the
International Life Cycle Data System (ILCD). This category was chosen to represent global
impacts of the waste management systems and enviromentally revelant and internationally
accepted in accordance with ISO 14040:2006 (Finkbeiner, Inaba, Tan, Christiansen, & Klüppel,
2006). The assessment was carried out using the LCA method ICPP 2007 for global warming
potential and is further described in Hauschild et al. (2012) (Forster et al., 2007; Hauschild et al.,
2013).
4.4 Results and Discussion
4.4.1 Energy Efficiency
Table 18 depicts the energy evaluations completed for the combined HTC + AD process.
This evaluation was carried out using a method proposed by Lucian et al. (2017) who also
conducted studies for the integrated process using the organic fraction of MSW (Lucian et al.,
2020). Figure 18 outlines the proposed scenario and illustrates the process layout used for energy
evaluation in terms of energy inputs and output. The HTC MSW AP is used as a substrate for
AD, and the hydrochar can be used as a biofuel to produce thermal energy for HTC pre-heating.
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The operating condition for HTC is 280 ℃ with a reaction time of 10 mins (a total of 1 hour for
heating and cooling) and HTC plant capacity as 1 ton of MSW per run/batch. Experimental data
on mass balance on solid, aqueous and gas phases were used from previous chapters (Figure 5).
The HTC reaction was scaled up from a 0.5 L experimental reactor to a 1500 L carbon steel
batch reactor with scale up parameters proposed by Namioka et al., (2008) (Namioka et al.,
2008). The estimated thermal heat needed to heat the reactor and other energy inputs and outputs
are reported in Table 15.
The overall energy efficiencies (n) were calculated based on energy inputs of the waste,
energy required to heat the MSW and water along with the dryer and filter press, and energy
outputs which included the combustion of the hydrochar, and energy provided from methane.
Energy efficiencies range from 0.32-0.40. Based on this data hydrochar combustion and HHV
plays a major role in the overall energy efficiencies and contributes most overall. A process
without the recovery of hydrochar with combustion would result in even lower energy
efficiencies. The condition of 280 ℃ and 10 min yielded energy efficiencies ranging from 0.320.33. For this condition of 280 ℃ and 10 min, the thermal consumption of the HTC process and
drying resulted in 876 kWh; the thermal energy from the produced biogas could provide around
10% of the thermal consumption from the HTC reactor and drying process. The potential energy
from the hydrochar combustion provides almost 2 times as much energy required by the HTC
process and thermal dryer. It should be noted that cost and energy for separation of glass and
metals was not included for this evaluation. The hydrochar provided by the HTC of MSW
provides a lot of energy due to its increased HHV from 17.8 MJ/kg to 23.4 MJ/kg after HTC.
Hydrochar combustion is then critical to the overall process and represents the most energy
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efficient pathway for MSW. Heat recovery is not considered in these calculations but is a
potential use for HTC MSW hydrochar.

Energy
Input

Scenario

EnergyMSW
250
250
250
280
280*
280
310

10
min
1
hr
6
hr
10
min
10
min
1
hr
1
hr

(kWh/tonMSW)
Energye,filter
EnergyHTC
press

Energy
Output
Energyth,
Energyth,dryer

HC hydrochar

Energy,thCH4

n

2497

633

19

223

1275

60.0

0.40

2497

633

19

223

1073

8.9

0.32

2497

653

19

223

1239

10.3

0.37

2497

653

19

223

1048

48.2

0.32

2497

653

19

223

1048

82.7

0.33

2497

653

19

223

1185

23.1

0.36

2497

673

19

223

1324

15.3

0.39

Table 18. Energy assessment of HTC + AD integrated process (*with nitrogen addition).

4.4.2 HTC + AD Integrated Process Energy Balance with Cost Estimations
Nayono et al. (2009) conducted a similar study on the anaerobic digestion of pressed
leachate or “press water” from the organic fraction of MSW (Nayono et al., 2010). They also
attempted to scale up their AD process from a 1 L experimental batch reactor and conducted an
energy balance with cost estimations for the AD system. Along with the HTC data from Table 18
further energy balances are presented with cost estimations in Table 19 using a 15m3 AD reactor.
Energy inputs and outputs were converted to cost using the U.S. (2020) average price per kWh
($0.13/kWh). Estimated energy inputs account for 42% of the estimated energy recovery from
outputs in terms of hydrochar combustion and biogas burning of CH4. The purpose of Table 19 is
to show the cost estimations using the average U.S. kWh price in terms of energy inputs and
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outputs of the combined HTC + AD process using data calculated from the energy assessment in
Table 18.

Table 19. Energy balance, reactor volume design combined with cost estimations.
Energy balance with cost
estimations
Inputs
HTC
Reactor
Dryer
Filter Press
AD
AD processes
AD heating
Total

kWh

Cost ($)

653
223
19

85
29
2

27
5
927

3
1
120

Outputs
Biochar
CH4

kWh
1048
83

Cost ($)
136
11

2202

286

As previously mentioned, there are only 5 large scale HTC plants operational in the
world, all of which are in Europe (Table 14). A case study for the Ingelia HTC plant in Spain
was conducted for a 4-reactor HTC plant with the capacity of 22 tons of wet biowaste per year.
Its life expectancy was projected to be 20 years. They were able to project start up expense as
well as operation cost for a municipality of 75,000 inhabitants treating 225kg (464 lbs.) per
capita which could represent waste treatment for cities with smaller populations. Table 20
gives insight on estimated cost based on the real Ingelia plant which can be applied to HTC
MSW data as well. Based on the 20 year life expectancy, the number of years required to pay
back total investment cost combined with operation cost is approximately 5.5 with a total profit
of around $15 million (De Mena Pardo, Doyle, Renz, & Salimbeni, 2016). It should be noted that
this only includes the production of hydrochar; adding the potential benefits of biogas could
provide an estimated additional $13,807/y per reactor. Table 20 shows the potential benefits of a
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4 reactor HTC plant based on the waste production for a small city. These give an idea of largescale HTC cost and figures. Hydrochar price is estimated to be between $152-$235/ton.

Table 20. Estimated expenses and incomes for a 4-reactor HTC plant.
HTC Plant
Wet biomass processed (t/y)
Hydrochar produced (t/y)
Investment (million $)
Operating cost ($/y)
Incomes from hydrochar sales and gate fee for wet biomass (million $/y)
EBITDA (Earnings Before Interest, Taxes, Depreciation, and Amortization) ( million $/y)

4 reactors
22,000
10,920
5.51
671,305
1.68
1

4.4.3 Life Cycle Assessment
Energy efficiency and prospective monetary cost are very important to the overall
integrated process; however, cost to the environment is paramount when introducing a waste
management strategy. The aim of this study was to provide a life cycle assessment analysis
comparing the environmental impacts in terms of GWP of traditional waste management
practices (landfilling and incineration) with the proposed HTC + AD integrated process. Global
warming potential was developed to allow comparisons of global warming impacts from
different greenhouse gases. It is measured as how much energy in the emissions of 1 ton of gas
will be absorbed over a certain period of time relative to the emissions from 1 ton of carbon
typically over the span of 100 years; the main gases evaluated are CO2, CH4, nitrous oxide (N2O),
and chlorofluorocarbons (CFCs). This common unit measure in kg eq-CO2 allows for
comparisons for decision makers for emission reductions across different sectors such as
policymaking and waste management (Muralikrishna & Manickam, 2017).
GWP was used as the standard measurement for environmental impact across the six
waste management scenarios. All positive impacts indicate a burden to the environment
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(negative environmental effects), while negative impact potentials indicate environmental
emissions savings (positive environmental effects).
4.4.4 LCA Material Generation Comparison with Model Feedstock
MSW used for experimental data was modeled after waste that would typically be sent to
the landfill according to the EPA consisting of a percentage of paper, glass, plastic, metal, and
food. Modeling the exact fractions in the EASETECH software suggested that the used simulated
waste served as a good representative feedstock for modeling. As previously mentioned, exact
fractions of waste components were used to represent waste that goes to the landfill within the
EASETECH software. Specific details on components are in Appendix C. In short, software
terms such as total solids, water content, volatile solids, ash, energy, metals, etc. are defined.
Typically, MSW is 20-30% water; for HTC MSW experiments a 20% water content was used.
Using the real MSW fractions within the EASETECH program, the overall water content for the
generated waste was 31% which falls within typical MSW moisture content range. The
calculated energy for the MSW within EASTECH was calculated as 1.313x 104 MJ (3647 kWh)
which compares to the MSW simulations or 1.130x104 MJ (2497 kWh); this was calculated
using the average HHV of the simulated waste (17.8 MJ/kg) and total solids.
Another parameter that can be evaluated to test the representativeness of the simulated
feedstock is the carbon content. From the original C mass balance (Figure 5), there is 43%
carbon in the simulated waste feedstock. EASETECH software models carbon using the
parameters “C bio”, “C bio_and”, and “C fossil” defined in the system. “C bio” and “C bio_and”
represent carbon from biogenic sources such as paper and food. “C fossil” represents carbon that
comes from fossil sources such as plastics. There is 53% carbon from the modeled MSW which
is only 10% higher than the simulated waste.
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Table 21. MSW feedstock comparisons (1 ton MSW).

Description
Moisture content (%)
Energy (kWh)
Carbon (%)

Simulated
experimental
MSW
20-30
2497
43

Modeled MSW (EASETECH software)
31
3308
53

4.4.5 LCA Analysis of Currently Used Technologies
4.4.6 Landfills (Scenarios 1-3)
Over half of produced waste in the U.S. is diverted to a landfill. The EPA reports to not
have a comprehensive list on landfills in the U.S.; however, other sources report over 2,000
active landfills. MSW landfills are the third largest source of human related methane emissions,
which have 23 times more greenhouse gas trapping potential than CO2. Modeling for landfilling
was done in EASETECH using an average functioning landfill (meaning average technology, no
high-tech additions, or operations). Landfills are constructed with many different specifications;
however, one of the main differences are whether energy is captured from the landfill gas. Figure
26 compares landfilling with energy capture, no energy capture and without carbon
sequestration. After carbon is used for energy capture (e.g. landfill gas to combined heat and
power (CHP)), there is carbon left that can either be stored in the landfill or further processed
with leachate treatment. The main positive impacts (environmental burdens), come from the
landfill covers -- as waste is broken down, greenhouse gases are emitted into the environment.
Negative impacts (environmental savings) contributions come from combustion and treatment of
the landfill gas; however, the main savings to the environment for landfills are the leachate and
soil storage of carbon. This would represent a landfill that remains untouched, or leachate that is
converted to renewable energy in the form of biogas.
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The main reason for proposing the combined HTC + AD process was to be able to
harness greenhouse gases such as CH4 with AD by diverting waste that would typically end up in
the landfill and processing it hydrothermally instead of having it sit in the landfill further
contributing to GHG emissions. Within the EASTECH software, emission contributions can be
investigated as well. Table 21 shows the contribution in terms of GWP of the major emissions. It
shows that CH4 is the main contributor to positive impacts (environmental burdens), for the
landfill process. This is the main issue with landfills as CH4 has higher greenhouse trapping
potential compared to CO2.

Figure 26. Global warming potential (GWP) impact potential associated with landfilling.
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Table 22. Gas emission contribution per substance view in EASETECH software for Scenario 1.

4.4.7 Incineration-Waste to Energy (Scenario 4)
In the U.S., 11.8% of waste generated is sent to combustion for energy recovery. Figure
27 shows that by material the components that are incinerated are very similar to those that are
sent to the landfill. Incineration is typically coupled with energy recovery; however, there are
many emissions associated with the process. Figure 28 shows that GWP of the waste to energy
plant (incineration) produces a net load to the environment; however, electricity and heat
substitution from the incineration process creates an overall savings for the environment. The
EASETECH software allows users to see a “per substance” view in order to determine which
emission is contributing to the process. The major contributor to the environmental load is the
CO2 produced from incineration (Table 23); however, the CO2 savings comes into account with
the energy substitution processes (Figure 28). Specific data on each emission contribution are in
Appendix C.
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Table 23. Example of per substance view for incineration in EASETECH.

(a)

(b)

Figure 27. (a) Total MSW combusted with energy recovery (by material) and (b) landfilled (by
material) (reproduced from (U.S. Environmental Protection Agency (EPA), 2019).

Figure 28. Global warming potential (GWP) impact potential associated with incineration.
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4.4.8 LCA analysis of HTC + AD Integrated Processes (Scenarios 5 and 6)
There are many unknowns associated with carbonization (HTC), particularly with respect
to process scale up. The lack of data, particularly of large-scale HTC technologies, limits the
ability to conduct fair process comparisons with other well established treatment strategies (e.g.
incineration, landfilling, composting) . There has been some previous work done to model the
HTC system using LCA analysis. Berge et al. (2015) used a systems level analysis to understand
how parameters influence system environmental impacts for food waste particularly focusing on
the combustion of hydrochar (Berge, Li, Flora, & Ro, 2015). Benevante et al. (2017) compared
HTC with aerobic composting, AD, and incineration of olive mill waste (Benavente, Fullana, &
Berge, 2017).
LCA data for HTC + AD integrated process was used from previously conducted
experimental data from this chapter and previous chapters. The first stage of carbonization
involves heating the feedstock to the reaction temperature -- in this case, it would be 280 ℃ -and subsequent waste conversion to the solid, aqueous, and gas products. The HTC reactor was
modeled in EASETECH using mass balance to distribute elements from the input stream (e.g.
carbon, nitrogen, ash) to solid, aqueous, and gaseous products. Energy requirements for the HTC
process were calculated based on total solids and moisture content for MSW. Additional water
was also added to the process to subcritical conditions during HTC based on experimental data.
Due to lack of data associated with hydrochar combustion, particularly the emissions, hydrochar
combustion is assumed to mimic that of biomass in incineration and is modeled using
incineration processes in EASETECH. Electricity and heat produced from the hydrochar with
combustion are used to substitute electricity and heat demands for the HTC process and
incinerator which would typically use coal-based electricity.
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Figure 29 shows the GWP impact potential associated with the HTC + AD process. The
red shows environmental impacts with no hydrochar combustion, and the green shows them with
hydrochar combustion. For both scenarios, the environmental loads clearly come from the HTC
process which includes the energy it takes to heat the waste and water inside of the reactors
which was calculated to be 653 kWh/ton MSW (Table 18); however, combustion of biogas does
contribute to environmental savings. The majority of the environmental savings comes from the
combustion of hydrochar. Without combustion of hydrochar, the HTC + AD process would not
be environmentally sustainable in terms of GWP. Electricity and heat substitution from
hydrochar burning contribute to over half of the environmental savings whereas biogas burning
contributes only 1.2% in this case (Table 24).

Table 24. HTC + AD integrated process % contribution to GWP.
HTC + AD combined process
(with biochar combustion)
HTC
Combustion and treatment - Energy generation (CHP)
Emissions to the environment
Waste to energy plant (incineration)
Electricity substitution
Heat substitution

GWP
(Kg CO2-eq/ton MSW)

344.0
-10.9
17.9
10.1
-324.6
-167.8

% Contribution
39.3
1.2
2
1.2
37.1
19.2
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Figure 29. Global warming potential (GWP) impact potential associated with HTC +AD.

4.4.9 LCA Analysis Waste Management Comparisons
One of the main goals for performing the LCA analysis of the HTC + AD process was to
compare environmental impacts in terms of GWP with other conventional waste management
practices including landfilling and incineration. Figure 30 shows GWP impact potentials of all
waste management strategies. Landfilling with and without energy capture but having C
sequestration show savings to the environment along with incineration and HTC + AD with
hydrochar combustion. The ability to sequester carbon by not disturbing landfills in a properly
covered manner along with carbon recover with leachate treatment are crucial for creating
landfills with no negative environmental impacts; however, in many scenarios this is not the
case. Modelling for these purposes was for average performing landfills, and does not include
situations where waste is sitting in an open field, which majorly contributes to GHG emissions.
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Figure 30. Global warming potential (GWP) impact potential associated with all waste
management scenarios.

4.9.10 Comparisons to other HTC LCAs
There are a few studies in the literature that have modeled HTC using LCA analysis more
specifically using the mass balance evaluation using EASETECH by allocating different
components from experimental data throughout the system. Berge et al. (2015) modeled HTC of
food waste and food packaging, and Benavante et al., (2016) modeled HTC of olive waste via
similar processes. Food waste accounts for a considerable amount of the waste stream as
previously mentioned. Berge et al. (2015) also had similar results relating to the environmental
impacts for the hydrochar from HTC. They also reported an overall environmental savings in
terms of GWP due to the savings from heat and electricity substitution due to the recycling of
energy from hydrochar combustion. This also emphasizes the importance of treating the
hydrochar in overall environmental sustainability of the integrated HTC + AD process.
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4.5 Conclusions
When considering the overall effects for waste treatment technologies cost in terms of
energy, money and environment need to be considered. The combined HTC + AD integrated
process for conditions of 280 ℃ and 10 min were 33% efficient in terms of energy inputs and
outputs for the overall process. Energy evaluations and LCA analysis proved that only with
combustion of the hydrochar will this process be economically and environmentally sustainable.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions and Recommendations
The overall purpose of this study was to investigate the HTC + AD integrated process
using a mixed MSW feedstock representing waste that would otherwise end up in a landfill. The
development of an integrated method (HTC + AD) process using mixed MSW is novel and if
proven feasible could greatly mitigate many environmental issues associated with conventional
incineration and landfilling such as air pollution, groundwater water pollution and limited
landfill space.
In Chapter 2, the integrated approach (HTC + AD) showed organic carbon recovery of
58% in the form of hydrochar and biogas. This study showed that AD of the HTC MSW aqueous
phase is feasible; however, improving digestion was critical in supporting the integrated HTC +
AD process. There are many studies on hydrothermal treatment of a homogeneous biomass
feedstock and a few studies combining HTC and AD. This study was the first of its kind to
investigate varying temperature and times for a heterogeneous feedstock such as mixed MSW
and further evaluating HTC MSW aqueous phase anaerobic biodegradability. The temperatures
used (250, 280, and 310 ℃) formed organic intermediates that may have been difficult to
degrade during digestion such as 5-HMF and lactic acid. Recommendations would be using
lower HTC temperatures in order to form more readily degradable sugars such as sucrose, which
have proven to digest more easily according to the literature.
In Chapter 3, AD enhancements were used (nitrogen, trace metals, biochar, food waste
co-digestion) in order to improve digestion. For the 280 ℃ 10 min condition, simple addition of
NH4Cl dramatically improved digestion and CH4 content; however, N addition in the form of
food waste did not. For nitrogen addition C:N ratio was lowered from 62 to 25-30 with addition
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of NH4Cl; this increased biogas yields from 12% to 39-41% and produced 241 ml biogas/g COD
with 41% biodegradability. Trace metals addition increased biogas yields from 12% to around
17%; however, it seemed to hinder the AD process because with N addition (along with trace
metals) biogas only increased to around 17% as well. For co-digestion with university food
waste (N addition), university food waste N did not improve biodegradability and biogas yields.
Food waste on its own performed better and did not enhance aqueous phase digestion for these
conditions; however, it did show enhancements for the condition of 250 ℃ and 10 min but with
only 4% difference, which was not statistically significant.
Biochar helped to improve CH4 content; however, biodegradability over 15 days did not
improve. The literature reported biochar improving digestion; however, it was not until 45 days
that there was an increase in biodegradability. Co-digestion can greatly reduce many issues
associated with mono digestion such as VFA accumulation and pH fluctuations, and co-digestion
of HTC MSW AP at the condition of 250 ℃ and 10 min did show biodegradability
improvements compared to HTC MSW AP digestion alone. Recommendations for the 280 ℃ 10
min condition included introducing a waste nitrogen (NH4) liquid source such as hydrolysates
and liquids from thermally treating other biomass such as algae. Biochar was added in the
amount of 2g according to the literature; increasing the amount could potentially increase the
percentage of biodegradability.
In Chapter 4, energy efficiency, cost of the HTC + AD integrated process for industrial
upscaling and cost to the environment were evaluated. The most important information taken
from all evaluations is that HTC MSW hydrochar combustion is essential for overall energy
efficiency, cost, and environmental impacts for the entire system.
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Biochar is seen as an agent for soil amendments, remediation, and greenhouse gas control
given its stability and ability for carbon sequestration. Biochar’s features are mainly attributed to
the fact that it is considered an absorbent meaning that the processes of treatment have allowed
this material to acquire properties that allow for particles to adhere to the surface and pores.
Currently, biochar has been used as soil amendments and solid fuels as pellets or blending with
coal as a source of renewable energy. Hydrochar produced from HTC has similar characteristics
to biochar. In terms of solid fuels, hydrochar has a typical higher heating value of 21-27 MJ/kg
which can be compared to a brown coal or lignite, which was seen for the values of HTC MSW
hydrochar. Although research for this combined system focused on advancement of the aqueous
phase, HTC hydrochar exploration is still just as critical for industrial scale HTC. Energy/cost
balance and LCA analysis showed that combustion of HTC MSW hydrochar is essential in
making the HTC + AD process a competitive waste management strategy.
The biggest cost to the overall system is heating the HTC reactor (water and feedstock);
however, some of this energy can be offset with the energy produced from biogas burning and
hydrochar combustion. As there are only 5 large scale HTC plants in the world, data is very
limited. Also, it would be an unfair comparison analysis with other waste management practices
with this limited data. This LCA analysis of the combined HTC + AD using a mixed feedstock
serves as a first iterative LCA for the overall GWP which is a crucial parameter for
environmental impacts. Research from this study also highlights current research gaps associated
with HTC. There is little data on specific hydrochar combustion for mixed feedstocks such as
these in terms of specific emissions. This should be further investigated for the next LCA
iteration, as hydrochar combustion contributes significantly to positive environmental impacts;
however, this study points in the right direction.
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Anaerobic digestion of the OFMSW has been a waste management practice that has been
put into practice for part of the waste stream; however, it can come with many disadvantages
such as months of residence time to break down the solid substrates, AD inhibition due to high
VFA accumulation, and digestate disposal. AD of the aqueous phase was proposed due to its
benefits and advantages of having readily available organics previously broken down in less than
an hour due to hydrothermal treatment. The aqueous phase also known as the liquid phase or
process water AD has been repeatedly shown to digest those readily available organics within 815 days which is advantageous over traditional solid substrate AD. Those are part of the benefits;
however, part of the challenge is to choose the optimal reaction conditions to create the most
readily available organic compounds for AD. Conditions between 250-310 ℃ and 10min-6h
have been investigated and reported for this mixed feedstock. The culmination of this
investigation and results will represent a significant and original contribution to the existing
literature in this field.
It should be noted that along with mixed MSW being diverted from the landfill, an even
more problematic waste stream ends there as well, and that is food waste. The U.S. EPA and
USDA have teamed up to reduce food waste by 50% in the U.S. by 2030. Food waste is a
promising feedstock for HTC, and the subsequent aqueous phase is also amendable for AD. Due
to its content it could produce a more favorable composition for better biodegradability and
methane content.
5.1.2 Other Applications for HTC MSW AP
Due to the higher production of organic compounds 5-HMF and lactic acid there is a
potential for other applications of HTC MSW AP including recovery for green chemical
production or transformation to other biofuels. HTC MSW AP was used in another study
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investigating the breakdown of HTC MSW AP using a marine protist for wastewater treatment
and valorization of value-added lipid products. This developed mutant strand was able to
produce total fatty acids and remove chemical compounds found in the HTC MSW AP up to
88%. Upgrading these lipids to biofuels is another promising route for HTC MSW AP and must
be further investigated.
One major advantage of aqueous phase digestion is the decrease in overall retention time
due to HTC processing resulting in readily available organics for digestion. Another aqueous
phase that could possibly be combined with HTC MSW AP is the mild oxidative treatment
solution (MOT) aqueous phase produced from wet oxidation of algae mentioned in Appendix C.
Due to its treatment, this aqueous phase contains carboxylic acids that are readily degradable,
and there is a nitrogen source in the form of ammonia that could assist with nitrogen
supplementation for the HTC MSW AP.

100

REFERENCES

Akarsu, K., Duman, G., Yilmazer, A., Keskin, T., Azbar, N., & Yanik, J. (2019). Sustainable
valorization of food wastes into solid fuel by hydrothermal carbonization. Bioresource
Technology, 292, 121959. doi:https://doi.org/10.1016/j.biortech.2019.121959
Ali Teymouri, B. S., Sandeep Kumar. (2017). Kinetics of phosphate precipitation from the
nutrients-rich algal hydrolyzate. Paper presented at the The 253rd ACS National
Meeting, San Francisco, California.
https://ep70.eventpilot.us/web/page.php?page=Session&project=ACS17SPRING&id=26
58421
Anastasakis, K., & Ross, A. B. (2011). Hydrothermal liquefaction of the brown macro-alga
Laminaria Saccharina: Effect of reaction conditions on product distribution and
composition. Bioresour Technol, 102(7), 4876-4883.
doi:https://doi.org/10.1016/j.biortech.2011.01.031
Balasubramanian, R. K., Yen Doan, T. T., & Obbard, J. P. (2013). Factors affecting cellular lipid
extraction from marine microalgae. Chemical Engineering Journal, 215(Supplement C),
929-936. doi:https://doi.org/10.1016/j.cej.2012.11.063
Barbera, E., Sforza, E., Kumar, S., Morosinotto, T., & Bertucco, A. (2016). Cultivation of
Scenedesmus obliquus in liquid hydrolysate from flash hydrolysis for nutrient recycling.
Bioresour Technol, 207, 59-66. doi:http://dx.doi.org/10.1016/j.biortech.2016.01.103
Barbera, E., Teymouri, A., Bertucco, A., Stuart, B. J., & Kumar, S. (2017). Recycling Minerals
in Microalgae Cultivation through a Combined Flash Hydrolysis–Precipitation Process.
ACS Sustainable Chemistry & Engineering, 5(1), 929-935.
doi:10.1021/acssuschemeng.6b02260
Becker, R., Dorgerloh, U., Paulke, E., Mumme, J., & Nehls, I. (2014). Hydrothermal
Carbonization of Biomass: Major Organic Components of the Aqueous Phase. Chemical
Engineering & Technology, 37(3), 511-518. doi:10.1002/ceat.201300401
Benavente, V., Fullana, A., & Berge, N. D. (2017). Life cycle analysis of hydrothermal
carbonization of olive mill waste: Comparison with current management approaches.
Journal of Cleaner Production, 142, 2637-2648.
Berge, N. D., Li, L., Flora, J. R., & Ro, K. S. (2015). Assessing the environmental impact of
energy production from hydrochar generated via hydrothermal carbonization of food
wastes. Waste Management, 43, 203-217.
Bessette, A. P., Teymouri, A., Martin, M. J., Stuart, B. J., Resurreccion, E. P., & Kumar, S.
(2018). Life Cycle Impacts and Techno-economic Implications of Flash Hydrolysis in
Algae Processing. ACS Sustainable Chemistry & Engineering.
doi:10.1021/acssuschemeng.7b03912
Biller, P., Riley, R., & Ross, A. B. (2011). Catalytic hydrothermal processing of microalgae:
Decomposition and upgrading of lipids. Bioresour Technol, 102(7), 4841-4848.
doi:https://doi.org/10.1016/j.biortech.2010.12.113
Biller, P., & Ross, A. B. (2011). Potential yields and properties of oil from the hydrothermal
liquefaction of microalgae with different biochemical content. Bioresour Technol, 102(1),
215-225. doi:10.1016/j.biortech.2010.06.028

101

Bo, Z., Wei-min, C., & Pin-Jing, H. (2007). Influence of lactic acid on the two-phase anaerobic
digestion of kitchen wastes. Journal of Environmental Sciences, 19(2), 244-249.
Bontchev, R. P., Liu, S., Krumhansl, J. L., Voigt, J., & Nenoff, T. M. (2003). Synthesis,
Characterization, and Ion Exchange Properties of Hydrotalcite
Mg6Al2(OH)16(A)x(A‘)2-x·4H2O (A, A‘ = Cl-, Br-, I-, and NO3-, 2 ≥ x ≥ 0)
Derivatives. Chemistry of Materials, 15(19), 3669-3675. doi:10.1021/cm034231r
Borja, R., Martín, A., Maestro, R., Luque, M., & Durán, M. M. (1993). Enhancement of the
anaerobic digestion of wine distillery wastewater by the removal of phenolic inhibitors.
Bioresource Technology, 45(2), 99-104. doi:https://doi.org/10.1016/09608524(93)90097-U
Borja, R., Martin, A. M., Maestro, R., Alba, J., & Fiestas, J. (1992). Enhancement of the
anaerobic digestion of olive mill wastewater by the removal of phenolic inhibitors.
Process Biochemistry, 27, 231-237.
Bouallagui, H., Lahdheb, H., Ben Romdan, E., Rachdi, B., & Hamdi, M. (2009). Improvement of
fruit and vegetable waste anaerobic digestion performance and stability with cosubstrates addition. Journal of Environmental Management, 90(5), 1844-1849.
doi:https://doi.org/10.1016/j.jenvman.2008.12.002
Brown, T. M., Duan, P., & Savage, P. E. (2010). Hydrothermal Liquefaction and Gasification of
Nannochloropsis sp. Energy & Fuels, 24(6), 3639-3646. doi:10.1021/ef100203u
Caillet, H., Lebon, E., Akinlabi, E., Madyira, D., & Adelard, L. (2019). Influence of inoculum to
substrate ratio on methane production in Biochemical Methane Potential (BMP) tests of
sugarcane distillery waste water. Procedia Manufacturing, 35, 259-264.
Chan, Y. H., Quitain, A. T., Yusup, S., Uemura, Y., Sasaki, M., & Kida, T. (2017). Optimization
of hydrothermal liquefaction of palm kernel shell and consideration of supercritical
carbon dioxide mediation effect. The Journal of Supercritical Fluids.
doi:https://doi.org/10.1016/j.supflu.2017.06.007
Chang, H. N., Kim, N.-J., Kang, J., & Jeong, C. M. (2010). Biomass-derived volatile fatty acid
platform for fuels and chemicals. Biotechnology and Bioprocess Engineering, 15(1), 110. doi:10.1007/s12257-009-3070-8
Channiwala, S., & Parikh, P. (2002). A unified correlation for estimating HHV of solid, liquid
and gaseous fuels. Fuel, 81(8), 1051-1063.
Chemat, S. (2017). Edible Oils: Extraction, Processing, and Applications: CRC Press.
Chen, W.-T., Zhang, Y., Zhang, J., Yu, G., Schideman, L. C., Zhang, P., & Minarick, M. (2014).
Hydrothermal liquefaction of mixed-culture algal biomass from wastewater treatment
system into bio-crude oil. Bioresour Technol, 152(Supplement C), 130-139.
doi:https://doi.org/10.1016/j.biortech.2013.10.111
Chen, Y., Cheng, J. J., & Creamer, K. S. (2008). Inhibition of anaerobic digestion process: a
review. Bioresource Technology, 99(10), 4044-4064.
Cheng, J., Hua, J., Kang, T., Meng, B., Yue, L., Dong, H., . . . Zhou, J. (2020). Nanoscale zerovalent iron improved lactic acid degradation to produce methane through anaerobic
digestion. Bioresource Technology, 317, 124013.
doi:https://doi.org/10.1016/j.biortech.2020.124013
Chiaramonti, D., Prussi, M., Buffi, M., Rizzo, A. M., & Pari, L. (2017). Review and
experimental study on pyrolysis and hydrothermal liquefaction of microalgae for biofuel
production. Applied Energy, 185(Part 2), 963-972.
doi:https://doi.org/10.1016/j.apenergy.2015.12.001

102

Chung, K.-H. (2008). Dealumination of mordenites with acetic acid and their catalytic activity in
the alkylation of cumene. Microporous and Mesoporous Materials, 111(1), 544-550.
doi:https://doi.org/10.1016/j.micromeso.2007.08.031
Clavreul, J., Baumeister, H., Christensen, T. H., & Damgaard, A. (2014). An environmental
assessment system for environmental technologies. Environmental Modelling &
Software, 60, 18-30. doi:https://doi.org/10.1016/j.envsoft.2014.06.007
Cravotto, G., Boffa, L., Mantegna, S., Perego, P., Avogadro, M., & Cintas, P. (2008). Improved
extraction of vegetable oils under high-intensity ultrasound and/or microwaves.
Ultrasonics Sonochemistry, 15(5), 898-902.
doi:https://doi.org/10.1016/j.ultsonch.2007.10.009
Cumming, J. W., & McLaughlin, J. (1982). The thermogravimetric behaviour of coal.
Thermochimica acta, 57(3), 253-272.
Davis, R., Fishman, D., Frank, E. D., Wigmosta, M. S., Aden, A., Coleman, A. M., . . . Wang,
M. Q. (2012). Renewable diesel from algal lipids: an integrated baseline for cost,
emissions, and resource potential from a harmonized model. Retrieved from
Davis, R. E., Grundl, N. J., Tao, L., Biddy, M. J., Tan, E. C., Beckham, G. T., . . . Roni, M. S.
(2018). Process Design and economics for the conversion of lignocellulosic biomass to
hydrocarbon fuels and coproducts: 2018 biochemical design case update; biochemical
deconstruction and conversion of biomass to fuels and products via integrated
biorefinery pathways. Retrieved from
De Mena Pardo, B., Doyle, L., Renz, M., & Salimbeni, A. (2016). Industrial scale hydrothermal
carbonization: new applications for wet biomass waste. Bremerhaven, Germany: ttz
Bremerhaven.
Debecker, D. P., Gaigneaux, E. M., & Busca, G. (2009). Exploring, Tuning, and Exploiting the
Basicity of Hydrotalcites for Applications in Heterogeneous Catalysis. Chemistry – A
European Journal, 15(16), 3920-3935. doi:10.1002/chem.200900060
Deng, L., & Shi, Z. (2015). Synthesis and characterization of a novel Mg–Al hydrotalcite-loaded
kaolin clay and its adsorption properties for phosphate in aqueous solution. Journal of
Alloys and Compounds, 637, 188-196. doi:https://doi.org/10.1016/j.jallcom.2015.03.022
Ding, Y., & Sartaj, M. (2016). Optimization of ammonia removal by ion-exchange resin using
response surface methodology. International Journal of Environmental Science and
Technology, 13(4), 985-994. doi:10.1007/s13762-016-0939-x
Dioha, I., Ikeme, C., Nafi’u, T., Soba, N., & Yusuf, M. (2013). Effect of carbon to nitrogen ratio
on biogas production. International Research Journal of Natural Sciences, 1(3), 1-10.
DiStefano, T. D., & Belenky, L. G. (2009). Life-cycle analysis of energy and greenhouse gas
emissions from anaerobic biodegradation of municipal solid waste. Journal of
environmental Engineering, 135(11), 1097-1105.
Dong, T., Fei, Q., Genelot, M., Smith, H., Laurens, L. M. L., Watson, M. J., & Pienkos, P. T.
(2017). A novel integrated biorefinery process for diesel fuel blendstock production using
lipids from the methanotroph, Methylomicrobium buryatense. Energy Conversion and
Management, 140(Supplement C), 62-70.
doi:https://doi.org/10.1016/j.enconman.2017.02.075
Dong, T., Knoshaug, E. P., Pienkos, P. T., & Laurens, L. M. L. (2016). Lipid recovery from wet
oleaginous microbial biomass for biofuel production: A critical review. Applied Energy,
177, 879-895. doi:http://dx.doi.org/10.1016/j.apenergy.2016.06.002

103

Dong, T., Van Wychen, S., Nagle, N., Pienkos, P. T., & Laurens, L. M. L. (2016). Impact of
biochemical composition on susceptibility of algal biomass to acid-catalyzed
pretreatment for sugar and lipid recovery. Algal Research, 18(Supplement C), 69-77.
doi:https://doi.org/10.1016/j.algal.2016.06.004
Doyle, L., Renz, M., de mena, B., Hitzl, M., Salimbeni, A., Knauer, C., . . . Hernandez, M.
(2016). Industrial Scale Hydrothermal Carbonization: new applications for wet biomass
waste.
Duan, P., & Savage, P. E. (2011). Catalytic hydrothermal hydrodenitrogenation of pyridine.
Applied Catalysis B: Environmental, 108-109(Supplement C), 54-60.
doi:https://doi.org/10.1016/j.apcatb.2011.08.007
Erdogan, E., Atila, B., Mumme, J., Reza, M. T., Toptas, A., Elibol, M., & Yanik, J. (2015).
Characterization of products from hydrothermal carbonization of orange pomace
including anaerobic digestibility of process liquor. Bioresource Technology,
196(Supplement C), 35-42. doi:https://doi.org/10.1016/j.biortech.2015.06.115
Erickson, D. R. (2015). Practical handbook of soybean processing and utilization: Elsevier.
Fedorak, P. M., & Hrudey, S. E. (1984). The effects of phenol and some alkyl phenolics on batch
anaerobic methanogenesis. Water Research, 18(3), 361-367.
doi:https://doi.org/10.1016/0043-1354(84)90113-1
Filer, J., Ding, H. H., & Chang, S. (2019). Biochemical methane potential (BMP) assay method
for anaerobic digestion research. Water, 11(5), 921.
Finkbeiner, M., Inaba, A., Tan, R., Christiansen, K., & Klüppel, H.-J. (2006). The new
international standards for life cycle assessment: ISO 14040 and ISO 14044. The
international journal of life cycle assessment, 11(2), 80-85.
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., . . . Myhre, G.
(2007). Changes in atmospheric constituents and in radiative forcing. Chapter 2. In
Climate change 2007. The physical science basis.
Funke, A., & Ziegler, F. (2010). Hydrothermal carbonization of biomass: a summary and
discussion of chemical mechanisms for process engineering. Biofuels, Bioproducts and
Biorefining, 4(2), 160-177.
Gaertner, C. A., Serrano-Ruiz, J. C., Braden, D. J., & Dumesic, J. A. (2010). Ketonization
Reactions of Carboxylic Acids and Esters over Ceria−Zirconia as Biomass-Upgrading
Processes. Industrial & Engineering Chemistry Research, 49(13), 6027-6033.
doi:10.1021/ie1004338
Garcia-Moscoso, J. L., Obeid, W., Kumar, S., & Hatcher, P. G. (2013). Flash hydrolysis of
microalgae (Scenedesmus sp.) for protein extraction and production of biofuels
intermediates. The Journal of Supercritical Fluids, 82, 183-190.
doi:http://dx.doi.org/10.1016/j.supflu.2013.07.012
Garcia-Moscoso, J. L., Teymouri, A., & Kumar, S. (2015). Kinetics of Peptides and Arginine
Production from Microalgae (Scenedesmus sp.) by Flash Hydrolysis. Industrial &
Engineering Chemistry Research, 54(7), 2048-2058. doi:10.1021/ie5047279
Goher, M. E., Hassan, A. M., Abdel-Moniem, I. A., Fahmy, A. H., Abdo, M. H., & El-sayed, S.
M. (2015). Removal of aluminum, iron and manganese ions from industrial wastes using
granular activated carbon and Amberlite IR-120H. The Egyptian Journal of Aquatic
Research, 41(2), 155-164. doi:https://doi.org/10.1016/j.ejar.2015.04.002

104

González-Fernández, C., & García-Encina, P. A. (2009). Impact of substrate to inoculum ratio in
anaerobic digestion of swine slurry. Biomass and Bioenergy, 33(8), 1065-1069.
doi:https://doi.org/10.1016/j.biombioe.2009.03.008
Guo, Y., Yeh, T., Song, W., Xu, D., & Wang, S. (2015). A review of bio-oil production from
hydrothermal liquefaction of algae. Renewable and Sustainable Energy Reviews,
48(Supplement C), 776-790. doi:https://doi.org/10.1016/j.rser.2015.04.049
Halim, R., Danquah, M. K., & Webley, P. A. (2012). Extraction of oil from microalgae for
biodiesel production: A review. Biotechnology Advances, 30(3), 709-732.
doi:https://doi.org/10.1016/j.biotechadv.2012.01.001
Halim, R., Gladman, B., Danquah, M. K., & Webley, P. A. (2011). Oil extraction from
microalgae for biodiesel production. Bioresour Technol, 102(1), 178-185.
doi:https://doi.org/10.1016/j.biortech.2010.06.136
Hannon, M., Gimpel, J., Tran, M., Rasala, B., & Mayfield, S. (2010). Biofuels from algae:
challenges and potential. Biofuels, 1(5), 763-784. Retrieved from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3152439/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3152439/pdf/nihms269384.pdf
Hauschild, M. Z., Goedkoop, M., Guinée, J., Heijungs, R., Huijbregts, M., Jolliet, O., . . .
Laurent, A. (2013). Identifying best existing practice for characterization modeling in life
cycle impact assessment. The international journal of life cycle assessment, 18(3), 683697.
Hoekman, S. K., Broch, A., & Robbins, C. (2011). Hydrothermal Carbonization (HTC) of
Lignocellulosic Biomass. Energy & Fuels, 25(4), 1802-1810. doi:10.1021/ef101745n
Huo, H., Lin, H., Dong, Y., Cheng, H., Wang, H., & Cao, L. (2012). Ammonia-nitrogen and
phosphates sorption from simulated reclaimed waters by modified clinoptilolite. Journal
of Hazardous Materials, 229-230, 292-297.
doi:https://doi.org/10.1016/j.jhazmat.2012.06.001
Iyi, N., Matsumoto, T., Kaneko, Y., & Kitamura, K. (2004). Deintercalation of Carbonate Ions
from a Hydrotalcite-Like Compound: Enhanced Decarbonation Using Acid−Salt Mixed
Solution. Chemistry of Materials, 16(15), 2926-2932. doi:10.1021/cm049579g
Iyi, N., Okamoto, K., Kaneko, Y., & Matsumoto, T. (2005). Effects of Anion Species on
Deintercalation of Carbonate Ions from Hydrotalcite-like Compounds. Chemistry Letters,
34(7), 932-933. doi:10.1246/cl.2005.932
Jena, U., Das, K. C., & Kastner, J. R. (2011). Effect of operating conditions of thermochemical
liquefaction on biocrude production from Spirulina platensis. Bioresour Technol,
102(10), 6221-6229. doi:https://doi.org/10.1016/j.biortech.2011.02.057
Jin, B., Duan, P., Xu, Y., Wang, F., & Fan, Y. (2013). Co-liquefaction of micro- and macroalgae
in subcritical water. Bioresour Technol, 149, 103-110.
doi:https://doi.org/10.1016/j.biortech.2013.09.045
Johir, M. A. H., George, J., Vigneswaran, S., Kandasamy, J., & Grasmick, A. (2011). Removal
and recovery of nutrients by ion exchange from high rate membrane bio-reactor (MBR)
effluent. Desalination, 275(1), 197-202. doi:https://doi.org/10.1016/j.desal.2011.02.054
Jørgensen, P. J. (2009a). Biogas-green energy. Faculty of Agricultural Sciences, Aarhus
University, Tjele, Denmark.
Jørgensen, P. J. (2009b). Biogas-green energy. Faculty of Agricultural Sciences, Aarhus
University.

105

Jorgensen, T., & Weatherley, L. (2003). Ammonia removal from wastewater by ion exchange in
the presence of organic contaminants. Water Research, 37(8), 1723-1728.
Jorgensen, T. C., & Weatherley, L. R. (2006). Continuous removal of ammonium ion by ion
exchange in the presence of organic compounds in packed columns. Journal of Chemical
Technology & Biotechnology, 81(7), 1151-1158. doi:10.1002/jctb.1481
Kambo, H., & Dutta, A. (2015). A comparative review of biochar and hydrochar in terms of
production, physico-chemical properties and applications (Vol. 45).
Karthika, N., & Bindu, A. (2017). FOR ENHANCING THE METHANE PRODUCTION FROM
WASTEWATER-A REVIEW.
Kaspar, H., Dettmer, K., Gronwald, W., & Oefner, P. J. (2008). Automated GC-MS analysis of
free amino acids in biological fluids. J Chromatogr B Analyt Technol Biomed Life Sci,
870(2), 222-232. doi:10.1016/j.jchromb.2008.06.018
Kaspar, H., Dettmer, K., Gronwald, W., & Oefner, P. J. (2008). Automated GC–MS analysis of
free amino acids in biological fluids. Journal of Chromatography B, 870(2), 222-232.
doi:https://doi.org/10.1016/j.jchromb.2008.06.018
Keymer, P., Ruffell, I., Pratt, S., & Lant, P. (2013). High pressure thermal hydrolysis as pretreatment to increase the methane yield during anaerobic digestion of microalgae.
Bioresour Technol, 131(Supplement C), 128-133.
doi:https://doi.org/10.1016/j.biortech.2012.12.125
Khan, M. T., Krümpel, J., Wüst, D., & Lemmer, A. (2021). Anaerobic Degradation of Individual
Components from 5-Hydroxymethylfurfural Process-Wastewater in Continuously
Operated Fixed Bed Reactors. Processes, 9(4), 677.
Kharel, G., Sacko, O., Feng, X., Morris, J. R., Phillips, C. L., Trippe, K., . . . Lee, J. W. (2019).
Biochar Surface Oxygenation by Ozonization for Super High Cation Exchange Capacity.
ACS Sustainable Chemistry & Engineering, 7(19), 16410-16418.
doi:10.1021/acssuschemeng.9b03536
Khosravi, A., Esmhosseini, M., & Khezri, S. (2014). Removal of ammonium ion from aqueous
solutions using natural zeolite: kinetic, equilibrium and thermodynamic studies. Research
on Chemical Intermediates, 40(8), 2905-2917. doi:10.1007/s11164-013-1137-9
Kocatürk-Schumacher, N. P., Bruun, S., Zwart, K., & Jensen, L. S. (2017). Nutrient Recovery
From the Liquid Fraction of Digestate by Clinoptilolite. CLEAN – Soil, Air, Water, 45(6),
1500153. doi:10.1002/clen.201500153
Kotoulas, A., Agathou, D., Triantaphyllidou, I. E., Tatoulis, T. I., Akratos, C. S.,
Tekerlekopoulou, A. G., & Vayenas, D. V. (2019). Zeolite as a potential medium for
ammonium recovery and second cheese whey treatment. Water, 11(1), 136.
Kruger, J. S., Cleveland, N. S., Zhang, S., Katahira, R., Black, B. A., Chupka, G. M., . . .
Beckham, G. T. (2016). Lignin Depolymerization with Nitrate-Intercalated Hydrotalcite
Catalysts. ACS Catalysis, 6(2), 1316-1328. doi:10.1021/acscatal.5b02062
Kumar, S., Hablot, E., Moscoso, J. L. G., Obeid, W., Hatcher, P. G., DuQuette, B. M., . . . Balan,
V. (2014). Polyurethanes preparation using proteins obtained from microalgae. Journal of
Materials Science, 49(22), 7824-7833. doi:10.1007/s10853-014-8493-8
Kuzawa, K., Jung, Y.-J., Kiso, Y., Yamada, T., Nagai, M., & Lee, T.-G. (2006). Phosphate
removal and recovery with a synthetic hydrotalcite as an adsorbent. Chemosphere, 62(1),
45-52. doi:https://doi.org/10.1016/j.chemosphere.2005.04.015
Langholtz, M. H., Stokes, B. J., & Eaton, L. M. (2016). 2016 Billion-ton report: Advancing
domestic resources for a thriving bioeconomy, Volume 1: Economic availability of

106

feedstock. Oak Ridge National Laboratory, Oak Ridge, Tennessee, managed by UTBattelle, LLC for the US Department of Energy, 2016, 1-411.
Lapuerta, M., Rodríguez-Fernández, J., & de Mora, E. F. (2009). Correlation for the estimation
of the cetane number of biodiesel fuels and implications on the iodine number. Energy
Policy, 37(11), 4337-4344. doi:https://doi.org/10.1016/j.enpol.2009.05.049
Laurens, L. M. L., Markham, J., Templeton, D. W., Christensen, E. D., Van Wychen, S.,
Vadelius, E. W., . . . Pienkos, P. T. (2017). Development of algae biorefinery concepts
for biofuels and bioproducts; a perspective on process-compatible products and their
impact on cost-reduction. Energy & Environmental Science, 10(8), 1716-1738.
doi:10.1039/C7EE01306J
Laurens, L. M. L., Nagle, N., Davis, R., Sweeney, N., Van Wychen, S., Lowell, A., & Pienkos,
P. T. (2015). Acid-catalyzed algal biomass pretreatment for integrated lipid and
carbohydrate-based biofuels production. Green Chemistry, 17(2), 1145-1158.
doi:10.1039/C4GC01612B
Laurens, L. M. L., Quinn, M., Van Wychen, S., Templeton, D. W., & Wolfrum, E. J. (2012).
Accurate and reliable quantification of total microalgal fuel potential as fatty acid methyl
esters by in situ transesterification. Analytical and Bioanalytical Chemistry, 403(1), 167178. doi:10.1007/s00216-012-5814-0
Lazaridis, N. K. (2003). Sorption Removal of Anions and Cations in Single Batch Systems by
Uncalcined and Calcined Mg-Al-CO3 Hydrotalcite. Water, Air, and Soil Pollution,
146(1), 127-139. doi:10.1023/A:1023999303895
Lee, S. Y., Cho, J. M., Chang, Y. K., & Oh, Y.-K. (2017). Cell disruption and lipid extraction for
microalgal biorefineries: A review. Bioresour Technol, 244(Part 2), 1317-1328.
doi:https://doi.org/10.1016/j.biortech.2017.06.038
Lehmann, J., Czimczik, C., Laird, D., & Sohi, S. (2012). Stability of biochar in soil. In Biochar
for environmental management (pp. 215-238): Routledge.
Levine, R. B., Pinnarat, T., & Savage, P. E. (2010). Biodiesel Production from Wet Algal
Biomass through in Situ Lipid Hydrolysis and Supercritical Transesterification. Energy &
Fuels, 24(9), 5235-5243. doi:10.1021/ef1008314
Liao, X., Zhu, S., Zhong, D., Zhu, J., & Liao, L. (2014). Anaerobic co-digestion of food waste
and landfill leachate in single-phase batch reactors. Waste Management, 34(11), 22782284. doi:https://doi.org/10.1016/j.wasman.2014.06.014
Lin, L., Wan, C., Lee, D.-J., Lei, Z., & Liu, X. (2014). Ammonium assists orthophosphate
removal from high-strength wastewaters by natural zeolite. Separation and Purification
Technology, 133, 351-356. doi:https://doi.org/10.1016/j.seppur.2014.07.010
Lin, S. H., & Wu, C. L. (1996). Ammonia Removal from Aqueous Solution by Ion Exchange.
Industrial & Engineering Chemistry Research, 35(2), 553-558. doi:10.1021/ie950303f
López Barreiro, D., Prins, W., Ronsse, F., & Brilman, W. (2013). Hydrothermal liquefaction
(HTL) of microalgae for biofuel production: State of the art review and future prospects.
Biomass and Bioenergy, 53(Supplement C), 113-127.
doi:https://doi.org/10.1016/j.biombioe.2012.12.029
Lucian, M., & Fiori, L. (2017). Hydrothermal Carbonization of Waste Biomass: Process Design,
Modeling, Energy Efficiency and Cost Analysis. Energies, 10(2), 211. Retrieved from
https://www.mdpi.com/1996-1073/10/2/211
Lucian, M., Volpe, M., Gao, L., Piro, G., Goldfarb, J. L., & Fiori, L. (2018). Impact of
hydrothermal carbonization conditions on the formation of hydrochars and secondary

107

chars from the organic fraction of municipal solid waste. Fuel, 233, 257-268.
doi:https://doi.org/10.1016/j.fuel.2018.06.060
Lucian, M., Volpe, M., Merzari, F., Wüst, D., Kruse, A., Andreottola, G., & Fiori, L. (2020).
Hydrothermal carbonization coupled with anaerobic digestion for the valorization of the
organic fraction of municipal solid waste. Bioresource Technology, 314, 123734.
doi:https://doi.org/10.1016/j.biortech.2020.123734
Marques, I. P. (2001). Anaerobic digestion treatment of olive mill wastewater for effluent re-use
in irrigation. Desalination, 137(1-3), 233-239.
Miyata, S. (1983). Anion-Exchange Properties of Hydrotalcite-Like Compounds. Clays and Clay
Minerals, 31(4), 305-311. doi:10.1346/CCMN.1983.0310409
Mousdale, D. M. (2008). Biofuels: biotechnology, chemistry, and sustainable development: CRC
press.
Muralikrishna, I. V., & Manickam, V. (2017). Chapter Fourteen - Air Pollution Control
Technologies. In I. V. Muralikrishna & V. Manickam (Eds.), Environmental
Management (pp. 337-397): Butterworth-Heinemann.
Namioka, T., Miyazaki, M., Morohashi, Y., Umeki, K., & Yoshikawa, K. (2008). Modeling and
analysis of batch-type thermal sludge pretreatment for optimal design. Journal of
Environment and Engineering, 3(1), 170-181.
Nayono, S. E., Winter, J., & Gallert, C. (2010). Anaerobic digestion of pressed off leachate from
the organic fraction of municipal solid waste. Waste Management, 30(10), 1828-1833.
doi:https://doi.org/10.1016/j.wasman.2009.09.019
Nobuo, I., Kentaro, O., Yoshiro, K., & Taki, M. (2005). Effects of Anion Species on
Deintercalation of Carbonate Ions from Hydrotalcite-like Compounds. Chemistry Letters,
34(7), 932-933. doi:10.1246/cl.2005.932
Odyakov, V. F., & Zhizhina, E. (2010). Precipitation of phosphorus as NH4[MgPO4] · xH2O in
the presence of citrates, d,l-tartaric acid, and their complexes with vanadium and
molybdenum. Russian Journal of Inorganic Chemistry, 55, 472-478.
Ogata, F., Nagai, N., Kishida, M., Nakamura, T., & Kawasaki, N. (2019). Interaction between
phosphate ions and Fe-Mg type hydrotalcite for purification of wastewater. Journal of
Environmental Chemical Engineering, 7(1), 102897.
doi:https://doi.org/10.1016/j.jece.2019.102897
Oliveira, I., Blöhse, D., & Ramke, H.-G. (2013). Hydrothermal carbonization of agricultural
residues. Bioresource Technology, 142(Supplement C), 138-146.
doi:https://doi.org/10.1016/j.biortech.2013.04.125
Ookubo, A., Ooi, K., & Hayashi, H. (1993). Preparation and phosphate ion-exchange properties
of a hydrotalcite-like compound. Langmuir, 9(5), 1418-1422. doi:10.1021/la00029a042
Patel, B., Guo, M., Izadpanah, A., Shah, N., & Hellgardt, K. (2016). A review on hydrothermal
pre-treatment technologies and environmental profiles of algal biomass processing.
Bioresour Technol, 199, 288-299. doi:http://dx.doi.org/10.1016/j.biortech.2015.09.064
Pekařová, S., Dvořáčková, M., Stloukal, P., Ingr, M., Šerá, J., & Koutny, M. (2017). Quantitation
of the inhibition effect of model compounds representing plant biomass degradation
products on methane production. BioResources, 12(2), 2421-2432.
Phuttaro, C., Sawatdeenarunat, C., Surendra, K., Boonsawang, P., Chaiprapat, S., & Khanal, S.
K. (2019). Anaerobic digestion of hydrothermally-pretreated lignocellulosic biomass:
Influence of pretreatment temperatures, inhibitors and soluble organics on methane yield.
Bioresource Technology, 284, 128-138.

108

Pinnavaia, T. J., Chibwe, M., Constantino, V. R. L., & Yun, S. K. (1995). Organic chemical
conversions catalyzed by intercalated layered double hydroxides (LDHs). Applied Clay
Science, 10(1), 117-129. doi:https://doi.org/10.1016/0169-1317(95)00010-2
Posmanik, R., Labatut, R. A., Kim, A. H., Usack, J. G., Tester, J. W., & Angenent, L. T. (2017).
Coupling hydrothermal liquefaction and anaerobic digestion for energy valorization from
model biomass feedstocks. Bioresource Technology, 233, 134-143.
Ramesh, D. (2013). Lipid identification and extraction techniques. Biotechnological Applications
of Microalgae: Biodiesel and Value-added Products, 89-97.
Ranjith Kumar, R., Hanumantha Rao, P., & Arumugam, M. (2015). Lipid Extraction Methods
from Microalgae: A Comprehensive Review. Frontiers in Energy Research, 2(61).
doi:10.3389/fenrg.2014.00061
Raposo, F., Fernández‐Cegrí, V., De la Rubia, M., Borja, R., Béline, F., Cavinato, C., . . . Frigon,
J. (2011). Biochemical methane potential (BMP) of solid organic substrates: evaluation
of anaerobic biodegradability using data from an international interlaboratory study.
Journal of Chemical Technology & Biotechnology, 86(8), 1088-1098.
Ren, X., Zhao, X., Turcotte, F., Deschênes, J.-S., Tremblay, R., & Jolicoeur, M. (2017). Current
lipid extraction methods are significantly enhanced adding a water treatment step in
Chlorella protothecoides. Microbial Cell Factories, 16, 26. doi:10.1186/s12934-0170633-9
Reza, M. T., Andert, J., Wirth, B., Busch, D., Pielert, J., Lynam, J. G., & Mumme, J. (2014).
Hydrothermal carbonization of biomass for energy and crop production. Applied
Bioenergy, 1(1), 11-29.
Ross, A. B., Biller, P., Kubacki, M. L., Li, H., Lea-Langton, A., & Jones, J. M. (2010).
Hydrothermal processing of microalgae using alkali and organic acids. Fuel, 89(9), 22342243. doi:http://dx.doi.org/10.1016/j.fuel.2010.01.025
Serrano-Ruiz, J. C., Pineda, A., Balu, A. M., Luque, R., Campelo, J. M., Romero, A. A., &
Ramos-Fernández, J. M. (2012). Catalytic transformations of biomass-derived acids into
advanced biofuels. Catalysis Today, 195(1), 162-168.
doi:https://doi.org/10.1016/j.cattod.2012.01.009
Serrano-Ruiz, J. C., West, R. M., & Dumesic, J. A. (2010). Catalytic Conversion of Renewable
Biomass Resources to Fuels and Chemicals. Annual Review of Chemical and
Biomolecular Engineering, 1(1), 79-100. doi:10.1146/annurev-chembioeng-073009100935
Shakya, R., Whelen, J., Adhikari, S., Mahadevan, R., & Neupane, S. (2015). Effect of
temperature and Na2CO3 catalyst on hydrothermal liquefaction of algae. Algal Research,
12, 80-90. doi:https://doi.org/10.1016/j.algal.2015.08.006
Sheehan, J. D., & Savage, P. E. (2017). Modeling the effects of microalga biochemical content
on the kinetics and biocrude yields from hydrothermal liquefaction. Bioresour Technol,
239(Supplement C), 144-150. doi:https://doi.org/10.1016/j.biortech.2017.05.013
Shin, H.-S., Kim, M.-J., Nam, S.-Y., & Moon, H.-C. (1996). Phosphorus removal by
hydrotalcite-like compounds (HTLcs). Water Science and Technology, 34(1), 161-168.
doi:https://doi.org/10.1016/0273-1223(96)00506-9
Song, Y., Dai, Y., Hu, Q., Yu, X., & Qian, F. (2014). Effects of three kinds of organic acids on
phosphorus recovery by magnesium ammonium phosphate (MAP) crystallization from
synthetic swine wastewater. Chemosphere, 101, 41-48.
doi:https://doi.org/10.1016/j.chemosphere.2013.11.019

109

Stanimirova, T., & Kirov, G. (2003). Cation composition during recrystallization of layered
double hydroxides from mixed (Mg, Al) oxides. Applied Clay Science, 22(6), 295-301.
doi:https://doi.org/10.1016/S0169-1317(03)00122-4
Stansell, G. R., Gray, V. M., & Sym, S. D. (2012). Microalgal fatty acid composition:
implications for biodiesel quality. Journal of Applied Phycology, 24(4), 791-801.
Steigman, J., Eckelman, W. C., Hahn, R. L., National Research, C., Committee on, N., &
Radiochemistry. (1992). The chemistry of technetium in medicine. Washington, DC:
National Academy Press : [Available from the National Research Council, Board on
Chemical Sciences and Technology].
Stemann, J., & Ziegler, F. (2011). Assessment of the energetic efficiency of a continuously
operating plant for hydrothermal carbonisation of biomass. Paper presented at the World
Renewable Energy Congress-Sweden; 8-13 May; 2011; Linköping; Sweden.
Steriti, A., Rossi, R., Concas, A., & Cao, G. (2014). A novel cell disruption technique to enhance
lipid extraction from microalgae. Bioresour Technol, 164(Supplement C), 70-77.
doi:https://doi.org/10.1016/j.biortech.2014.04.056
Suganya, T., & Renganathan, S. (2012). Optimization and kinetic studies on algal oil extraction
from marine macroalgae Ulva lactuca. Bioresour Technol, 107(Supplement C), 319-326.
doi:https://doi.org/10.1016/j.biortech.2011.12.045
Tagtow, A., Nguyen, J., Johnson-Bailey, D., & Schap, T. E. (2015). Food waste reduction efforts
at the USDA. Journal of the Academy of Nutrition and Dietetics, 115(12), 1914-1918.
Talbot, C., Garcia-Moscoso, J., Drake, H., Stuart, B. J., & Kumar, S. (2016). Cultivation of
microalgae using flash hydrolysis nutrient recycle. Algal Research, 18, 191-197.
doi:http://dx.doi.org/10.1016/j.algal.2016.06.021
Tanaka, T., Tsukane, R., Matsuda, T., Imaoka, M., & Tamai, H. (2016). A Novel Anion
Exchanger Composed of Formate Hydrotalcite for Sorptive Recovery of Phosphorus.
Resources Processing, 63(3), 99-104. doi:10.4144/rpsj.63.99
Tanimu, M. I., Ghazi, T. I. M., Harun, R. M., & Idris, A. (2014). Effect of carbon to nitrogen
ratio of food waste on biogas methane production in a batch mesophilic anaerobic
digester. International journal of innovation, management and technology, 5(2), 116.
Tarpeh, W. A., Udert, K. M., & Nelson, K. L. (2017). Comparing Ion Exchange Adsorbents for
Nitrogen Recovery from Source-Separated Urine. Environmental Science & Technology,
51(4), 2373-2381. doi:10.1021/acs.est.6b05816
Task, I. B. (2018a). FOOD WASTE DIGESTION.
Task, I. B. (2018b). VALUE OF BATCH TESTS FOR BIOGAS POTENTIAL ANALYSIS.
Terry, P. A. (2009). Removal of nitrates and phosphates by ion exchange with hydrotalcite.
Environmental engineering science, 26(3), 691-696.
Teymouri, A., Kumar, S., Barbera, E., Sforza, E., Bertucco, A., & Morosinotto, T. (2017).
Integration of Biofuels Intermediates Production and Nutrients Recycling in the
Processing of a Marine Algae. AIChE Journal, 63(5), 1494-1502. doi:10.1002/aic.15537
Teymouri, A., Stuart, B. J., & Kumar, S. (2017). Effect of Reaction Time on Phosphate
Mineralization from Microalgae Hydrolysate. ACS Sustainable Chemistry &
Engineering. doi:10.1021/acssuschemeng.7b02951
Tichit, D., & Coq, B. (2003). Catalysis by Hydrotalcites and Related Materials. CATTECH, 7(6),
206-217. doi:10.1023/B:CATT.0000007166.65577.34

110

Tong, D., Hu, C., Jiang, K., & Li, Y. (2011). Cetane Number Prediction of Biodiesel from the
Composition of the Fatty Acid Methyl Esters. Journal of the American Oil Chemists'
Society, 88(3), 415-423. doi:10.1007/s11746-010-1672-0
U.S. energy consumption by energy source. (2017). April 2017. Retrieved from
https://www.eia.gov/energyexplained/?page=us_energy_home
U.S. Environmental Protection Agency (EPA). (2019). Advancing Sustainable Materials
Management: 2017 Fact Sheet Assessing Trends in Material Generation, Recycling,
Composting, Combustion with Energy Recovery and Landfilling in the United States.
Retrieved from https://www.epa.gov/sites/production/files/201911/documents/2017_facts_and_figures_fact_sheet_final.pdf
Valdez, P. J., Dickinson, J. G., & Savage, P. E. (2011). Characterization of Product Fractions
from Hydrothermal Liquefaction of Nannochloropsis sp. and the Influence of Solvents.
Energy & Fuels, 25(7), 3235-3243. doi:10.1021/ef2004046
Valdez, P. J., Nelson, M. C., Wang, H. Y., Lin, X. X. N. N., & Savage, P. E. (2012).
Hydrothermal liquefaction of Nannochloropsis sp.: Systematic study of process variables
and analysis of the product fractions. Biomass & Bioenergy, 46, 317-331.
doi:10.1016/j.biombioe.2012.08.009
Van Wychen, S., & Laurens, L. M. L. (2013). Determination of Total Solids and Ash in Algal
Biomass: Laboratory Analytical Procedure (LAP) (NREL/TP-5100-60956 United States
10.2172/1118077 NREL English). Retrieved from
http://www.osti.gov/scitech/servlets/purl/1118077
Wang, F., Yi, W., Zhang, D., Liu, Y., Shen, X., & Li, Y. (2020). Anaerobic co-digestion of corn
stover and wastewater from hydrothermal carbonation. Bioresource Technology, 315,
123788. doi:https://doi.org/10.1016/j.biortech.2020.123788
Wang, S., & Peng, Y. (2010). Natural zeolites as effective adsorbents in water and wastewater
treatment. Chemical Engineering Journal, 156(1), 11-24.
doi:https://doi.org/10.1016/j.cej.2009.10.029
Wei, R., Zhang, L., Cang, D., Li, J., Li, X., & Xu, C. C. (2017). Current status and potential of
biomass utilization in ferrous metallurgical industry. Renewable and Sustainable Energy
Reviews, 68(Part 1), 511-524. doi:https://doi.org/10.1016/j.rser.2016.10.013
Weiner, B., Poerschmann, J., Wedwitschka, H., Koehler, R., & Kopinke, F.-D. (2014). Influence
of process water reuse on the hydrothermal carbonization of paper. ACS Sustainable
Chemistry & Engineering, 2(9), 2165-2171.
Williams, A., Zitomer, D., & Mayer, B. K. (2015). Ion exchange-precipitation for nutrient
recovery from dilute wastewater. Environmental Science: Water Research & Technology,
1(6), 832-838.
Wirth, B., & Mumme, J. (2013). Anaerobic digestion of waste water from hydrothermal
carbonization of corn silage. Applied Bioenergy, 1(1), 1-10.
Wirth, B., Mumme, J., & Erlach, B. (2012). Anaerobic treatment of waste water derived from
hydrothermal carbonization. Paper presented at the 20th European Biomass Conference
and Exhibition.
Xu, F., Li, Y., Ge, X., Yang, L., & Li, Y. (2018). Anaerobic digestion of food waste –
Challenges and opportunities. Bioresource Technology, 247, 1047-1058.
doi:https://doi.org/10.1016/j.biortech.2017.09.020
Yarimtepe, C. C., & Oz, N. A. (2015). Enhanced biogas production from landfill leachate by low
frequency ultrasound. WIT Transactions on The Built Environment, 168, 225-234.

111

Young, G. C. (2010). Municipal solid waste to energy conversion processes: economic,
technical, and renewable comparisons: John Wiley & Sons.
Yu, G., Zhang, Y. H., Schideman, L., Funk, T., & Wang, Z. C. (2011). Distributions of carbon
and nitrogen in the products from hydrothermal liquefaction of low-lipid microalgae.
Energy & Environmental Science, 4(11), 4587-4595. doi:10.1039/c1ee01541a
Zhang, B., Cai, W. M., & He, P. J. (2007). Influence of lactic acid on the two-phase anaerobic
digestion of kitchen wastes. J Environ Sci (China), 19(2), 244-249. doi:10.1016/s10010742(07)60040-0
Zhang, L., & Jahng, D. (2012). Long-term anaerobic digestion of food waste stabilized by trace
elements. Waste Management, 32(8), 1509-1515.
doi:https://doi.org/10.1016/j.wasman.2012.03.015
Zhao, K., Li, Y., Zhou, Y., Guo, W., Jiang, H., & Xu, Q. (2018). Characterization of
hydrothermal carbonization products (hydrochars and spent liquor) and their biomethane
production performance. Bioresource Technology, 267, 9-16.
doi:https://doi.org/10.1016/j.biortech.2018.07.006
Zheng, H., Yin, J., Gao, Z., Huang, H., Ji, X., & Dou, C. (2011). Disruption of Chlorella vulgaris
Cells for the Release of Biodiesel-Producing Lipids: A Comparison of Grinding,
Ultrasonication, Bead Milling, Enzymatic Lysis, and Microwaves. Applied Biochemistry
and Biotechnology, 164(7), 1215-1224. doi:10.1007/s12010-011-9207-1

112

APPENDIX A: EVALUATION OF LIPID EXTRACTABILITY AFTER FLASH
HYDROLYSIS OF ALGAE
During spring semester 2017 I worked with Dr. Ali Teymouri to submit the original
manuscript Evaluation of Lipid Extractability after Flash Hydrolysis of Algae to the scientific
journal Fuel. The paper was accepted in March 2018. This research was done in collaboration
with Dr. Tao Dong at the National Renewable Energy Laboratory (NREL).
The main objectives of this study were to: (1) conduct a kinetics study on the lipid
extractability of three algal species (Scenedesmus sp., Nannochloropsis sp., and Chlorella
vulgaris) and their respective biofuel intermediates from the flash hydrolysis (FH) process, (2)
conduct a lipid compositional analysis of lipids produced by raw algae and intermediates
(NREL) and (3) compare biocrude yields and characterization of two processes (FH and HTL)
by using Chlorella vulgaris. These research objectives helped to evaluate the feasibility of an
added benefit to the FH process as a possible pre-treatment for lipid extraction as well as another
added pathway to the FH process.
Along with my previous background in algae cultivation and anaerobic digestion of
algae, this research allowed me to increase my expertise on all analytical instruments and
methods. My contributions to this work include conducting experiments and writing the
manuscript; more specifically, I performed all experiments along with Ali for the lipids kinetics
study (solvent extractions), hydrothermal liquefaction of Chlorella vulgaris, and microalgae
characterization to be used for evaluation. Thus, I earned 50% of the credit for this work.
Teymouri, A., Adams, K. J., Dong, T., & Kumar, S. (2018). Evaluation of lipid extractability after
flash hydrolysis of algae. Fuel, 224, 23-31.
Abstract
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Microalgae is identified as a promising feedstock for producing renewable liquid transportation
fuels; however, lipids extraction from microalgae for downstream processing to biofuels is one
of the important challenges for algal based biorefineries. This work aims at evaluating the
potential of applying flash hydrolysis (FH) as a chemical-free technique to increase the lipids
extractability of algal biomass as well as its integration with the hydrothermal liquefaction
(HTL) of microalgae to enhance the biocrude yields and characteristics for fuel production. To
this aim, the FH process was performed on three different algal species (Scenedesmus sp.,
Nannochloropsis sp., and Chlorella vulgaris) at 280˚C and 10 s of residence time. Following FH,
in addition to the nutrients rich hydrolysate, approximately, 40 wt% of solids containing almost
all (>90 wt%) the lipids termed as biofuels intermediates (BI), were recovered. Kinetics study on
lipids extractability from the BI as well as their lipid profile analyses were conducted for each
algal species. The results showed that the FH process had significantly enhanced the lipids
extractability. For all three algae species, lipid yields from BI were higher than that of the raw
algae. Lipid yields of Chlorella vulgaris in the first 15 min were more than five times higher
(52.3 ± 0.8 vs. 10.7 ± 0.9 wt%) than that of raw algae during n-hexane based solvent extraction.
The kinetics of lipids extractability followed a zero-order reaction rate for all wet raw microalgae
and the BI of Scenedesmus sp., while the BI recovered from the other two algal species were
determined as a second-order reaction. Comparison of fatty acids profiles indicated the
contribution of the FH process in saturating fatty acids. Subsequent to lipids extraction, a
conventional hydrothermal liquefaction was performed at 350 ºC and 1 h to compare the
biocrude yields from raw versus BI of Chlorella vulgaris microalgae. The results showed that the
biocrude yields from the BI and its quality was significantly enhanced post FH than that of raw
algae. The FH process was proven to be a viable option for lipid extraction by increasing the
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extent of recovery and decreasing the extraction time. Its integration with HTL notably impact
the biocrude yields and characteristics for fuel production.
Keyword: Microalgae, Flash hydrolysis, Lipid analysis, Oil extraction, Kinetics study,
Hydrothermal liquefaction
1. Introduction
Efforts to reduce fossil fuel consumption have been attempted around the world with the aims of
mitigating negative environmental harms such as air and water pollution, establishing energy
independence, and inspiring innovation in alternative fuels development. The dependence on
fossil fuels is heavily ingrained into society, while alternative energy only accounts for less than
10% of the global energy supply according to the United States Department of Energy ("U.S.
energy consumption by energy source," 2017). Outstanding biological photosynthetic carbon
assimilation potential is one of the main reasons that algal biomass is being considered as a clean
fuel and bioproducts source (Lieve M. L. Laurens et al., 2017). There are over thousands of
species of algae, but their basic composition mainly consist of proteins, lipids, and
carbohydrates (Keymer, Ruffell, Pratt, & Lant, 2013). In particular, microalgae can accumulate
lipids up to 20-50 wt%, which have high interest for a variety of bioproducts in food, cosmetics,
and pharmaceutical industries (Ren et al., 2017) in addition to its biofuels potential. The algae to
biofuels production process has had much success from pilot to large scale operation, but equally
as many obstacles that prevent it from becoming competitive with conventional fossil fuels. One
of the scientific challenges of algal biofuels commercialization includes lipid extractability from
algae cells (Hannon, Gimpel, Tran, Rasala, & Mayfield, 2010). Lipid extraction methods are key
to the biofuels/bioproducts quality and yield from algae. The conventional oil extraction steps
include breaking the algae cell walls, freeing the oil, and separating the oil out of the oil
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cake(Tao Dong, Knoshaug, Pienkos, & Laurens, 2016; Ramesh, 2013). There are multiple
technologies for lipid extraction from microalgae that are categorized under solvent extractions
(Folch, Bligh and Dyer method), mechanical approaches (expeller press, bead beating,
ultrasonic-assisted, microwave), and solvent-free methods (osmotic pressure, isotonic, enzymeassisted)(Ranjith Kumar, Hanumantha Rao, & Arumugam, 2015). Choice of oil extraction
typically depends on moisture content, quantity to be treated, quality of end-product, extraction
efficiency, safety aspects, and cost economics (Ramesh, 2013). Three methods including
expeller, supercritical CO2 fluid extraction, and hexane extraction seem to be the most viable for
industrial scale (Hannon et al., 2010; Ramesh, 2013). Among the three, hexane has been used in
most applications of oil extraction (Suganya & Renganathan, 2012). It has high stability, low
greasy residual effects, and low corrosiveness (Erickson, 2015; Suganya & Renganathan, 2012).
It has less toxicity compared to chloroform and methanol (Tao Dong et al., 2016). In addition, it
is apolar (water immiscible) with low latent heat of boiling that makes it possible to be separated
through low energy separation recovery methods (Chemat, 2017; Tao Dong et al., 2016);
however, it has a poor extractability efficiency compared to chlorinated solvents (i.e.
chloroform)(Balasubramanian, Yen Doan, & Obbard, 2013). Techno-economic analyses (TEA)
has shown that costs involved for lipid extraction with hexane is the second largest operational
cost(R. Davis et al., 2012); therefore, there is persistently strong demands for novel pretreatment
methods of feedstock resulting in the overall improvement of the hexane extraction process.
Alternative to the lipid extraction approach, hydrothermal liquefaction (HTL) of microalgae
feedstock can directly convert the lipids into a biocrude oil, which is then subjected to further
upgradation to fuel (López Barreiro, Prins, Ronsse, & Brilman, 2013). Many efforts have been
made to optimize the process in terms of enhancing the biocrude yields (Chan et al., 2017; Guo,
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Yeh, Song, Xu, & Wang, 2015; Sheehan & Savage, 2017); however, high nitrogen content in
HTL biocrude causes catalyst poisoning during downstream processing for liquid
hydrocarbons/transportation fuels (Duan & Savage, 2011). Production of high amounts of NOx
emissions in the downstream processing originating from nitrogenous compounds in proteins and
chlorophyll content of microalgae is another serious challenge that this process needs to
overcome (Duan & Savage, 2011; López Barreiro et al., 2013).
Flash hydrolysis is a chemical-free subcritical water-based continuous process that fractionates
microalgae components in a short residence time of 10 s. Our previous studies have shown
multiple advantages of using the FH process for microalgae in terms of nutrient management
either in forms of recycling or bioproducts formation (Ali Teymouri, 2017; Barbera, Sforza,
Kumar, Morosinotto, & Bertucco, 2016; Barbera, Teymouri, Bertucco, Stuart, & Kumar, 2017;
Jose Luis Garcia-Moscoso, Obeid, Kumar, & Hatcher, 2013; Jose L. Garcia-Moscoso, Teymouri,
& Kumar, 2015; Kumar et al., 2014; Talbot, Garcia-Moscoso, Drake, Stuart, & Kumar, 2016; A.
Teymouri et al., 2017; Teymouri, Stuart, & Kumar, 2017) while protecting the lipids in solids. It
was reported that 24-52 wt% (depending upon algal species) of the solid residue, known as
biofuels intermediates (BI) are recovered after FH with diminished ash and nitrogen content(Jose
Luis Garcia-Moscoso et al., 2013). We have also demonstrated that more than 90 wt% of total
lipids available in the raw microalgae has been retained in the biofuels intermediates (BI) after
the FH process (Jose Luis Garcia-Moscoso et al., 2013; Jose L. Garcia-Moscoso et al., 2015).
The previous SEM images (Jose Luis Garcia-Moscoso et al., 2013) of BI have shown its globular
condensed appearance after the FH treatment. It has indicated that the process affected the
physical dimensions of the particles to a smaller size; however, it is not clear if the FH process
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adversely affected the lipids extractability from the BI due to reduced solvent accessibility or
entrapping oil after the recondensation process (Tao Dong et al., 2016).
The current study investigates the lipid extraction efficiency of these BI particles recovered after
FH process. In addition, a novel integrated FH-HTL process has been proposed to improve the
biocrude yield and characteristics for fuel conversion. The main objectives of this study are to (i)
conduct a kinetics study on the lipids extractability from the BI of three common algal species
(Scenedesmus sp., Nannochloropsis sp., and Chlorella vulgaris), (ii) analyze the fatty acids
profile of extracted lipids and compare it with that of extracted lipids from untreated algae, (iii)
produce biocrude from the BI using HTL and compare the yield and biocrude quality with
biocrude produced via direct HTL (no FH) of microalgae. Figure 1 shows the overall process
including objectives and the products analyses among this study.

Figure 1. Schematic diagram of the overall process including objectives and products analyses.
Note: all analyses were performed in duplicate unless otherwise stated.
2. Materials and methods
2.1 Microalgae characterization
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Three microalgae species including Scenedesmus sp., Nannochloropsis sp., and Chlorella
vulgaris (Chlorella v.) was selected for this study. These species are known as the most
promising candidates for biofuels and bioproducts production due to their lipid productivity and
growth rate (Tao Dong et al., 2016; Lieve M. L. Laurens et al., 2017). Chlorella v. was
purchased from Arizona Center for Algae Technology and Innovation (AzCATI),
Nannochloropsis sp. microalgae was received from Sandia National Laboratory (SNL), and
Scenedesmus sp. was cultivated in a raceway open pond near Spring Grove, Virginia(Talbot et
al., 2016). All samples were freeze dried (FD) and stored at -20 ˚C until application. In order to
collect an adequate amount of BI for subsequent lipids extraction and HTL experiments, 10 FH
tests were performed on each microalgae species at 280 ˚C and 10 s of residence time using the
method explained in our previous studies(Jose L. Garcia-Moscoso et al., 2015; A. Teymouri et
al., 2017). Briefly, solids (0.9-1.2 dry wt%) are loaded in the reactor at specified conditions;
based on the reactor set up, deionized water is pumped until the desired temperature is reached,
and the second pump delivers the algae slurry into the reactor. Followed by FH, products were
centrifuged (Fisher Scientific accuSpinTM 400) and vacuum filtered (1.5 µm, Whatman 47 mm
glass microfiber filters) to separate the solids (i.e., lipid rich BI) from the hydrolysate. The
recovered BI from each algal species was freeze dried and stored at -20 ˚C until application. All
microalgae samples and their respective BIs were subjected to ash analysis using the dry
oxidation method at 575 ± 25 ˚C for 24 ± 6 hours as described by the National Renewable
Energy Laboratory (NREL) analytical procedure (Van Wychen & Laurens, 2013) followed by
elemental analysis. Thermo Finnigan Flash EA 1112 elemental analyzer (ThermoFisher
Scientific, Waltham, MA) with 2,5-Bis(5-tert-butylbenzoxazol-2-yl) thiophene (BBOT) standard

119

(certified no. 202147-10/03/2015, ThermoFisher Scientific, Cambridge, UK) were used to
characterize the elemental composition of algal biomass(Jose Luis Garcia-Moscoso et al., 2013).
2.2 Experimental setup and procedure
2.2.1 Total lipid yields and FAME composition
To evaluate the lipid extraction performance of the microalgae feedstock, two critical factors
including lipid yields and fatty acid methyl ester (FAME) profile needed to be considered
(Halim, Gladman, Danquah, & Webley, 2011). First, the total extractable lipid was quantified
from the respective BIs to evaluate if the FH process had positive impact on improving lipids
yield. For quantifying the total extractable lipids, 0.35 g of dry biomass (BI or untreated algae)
was fed into a glass tube and 4 ml of deionized (DI) water was added to the tube to fully soak the
dry biomass at 4 ˚C overnight. To assist the oil extraction, specifically free fatty acids (FFA)(Tao
Dong et al., 2016; L. M. L. Laurens et al., 2015), 0.5 wt% of sulfuric acid was added to reduce
the pH. A magnetic stir bar was added to stir the biomass on a multi-position magnetic plate and
3 ml of hexane was added to the tube. The extraction was carried out for 2 h on the magnetic
plate. Tubes were vortexed for 30 s, every 30 min to improve the extraction. After the extraction,
the tubes were centrifuged at 2000 g for 10 min for phase separation. Then, the upper phase was
moved to a preweighted glass tube. The solvent was evaporated in a vacuum oven at 40 ˚C
overnight(T. Dong, Van Wychen, Nagle, Pienkos, & Laurens, 2016). The experiment was
carried out in triplicate. The extractable lipid yields were calculated using the following Eq. (1)
on moisture-free basis:
Total lipid yields (wt%) = extracted lipids (g) / starting biomass (g) × 100%

(1)

Fatty acid content in biomass/extracted lipid was measured as total FAME content after an in situ
transesterification procedure (Lieve M. L. Laurens, Quinn, Van Wychen, Templeton, &
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Wolfrum, 2012). A total of 7 to 10 mg of lyophilized biomass/extracted lipid was transesterified
with 0.3 mL of HCl/methanol (5%, v/v) at the presence of 0.2 mL of chloroform/methanol (2:1,
v/v) for 1 h at 85 °C with a known amount of tridecanoic acid (C13) methyl ester as an internal
standard. FAMEs were extracted with hexane (1 mL) at room temperature for 1 h and analyzed
by gas chromatography–flame ionization detection (GC–FID) on an Agilent 7890 N; DBWaxMS column (30 m × 0.25 mm i.d. × 0.25 μm film thickness). The individual FAME
concentrations were normalized against the internal standard tridecanoic acid methyl ester.
2.2.2 Lipid extraction kinetics
To better understand the lipid extraction process, a lipid kinetic study was conducted. Lipid
yields represent extraction efficiency and was measured through the Eq. (1). To perform the lipid
extraction experiments, 1 g of raw algae or BI were added to 20 ml of Milli-Q water (EMD
Millipore, Milli-Q Direct 16 water purification system) to make a homogenous slurry in a 250 ml
Erlenmeyer flask sealed with a rubber stopper to avoid evaporation. This was done to imitate the
algae slurry after harvesting or FH process. The use of wet slurry for extraction is important to
avoid the energy intensive drying stage and represent a feasible engineering method (Suganya &
Renganathan, 2012). Twenty milliliters of n-hexane 85% (Fisher Chemical, high-resolution gas
chromatography) was added to the same flask and placed on magnetic stir plates (Fisher
Scientific Isotemp) for mixing with magnetic stir rods at 350 rpm at room temperature of
approximately 25 ˚C. The lipids extraction experiments for kinetics study were conducted in
duplicate for 15, 30, 60, 90, 120, 180, and 240 minutes of extraction time for both raw algae and
the respective BIs. After mixing for the designated time, the resulting mixture was transferred
into 50 ml centrifuge tubes. Each individual flask was rinsed 3 times with 1 ml aliquots of the
same n-hexane solvent to recover all lipids to the tube and was centrifuged for 10 min at 2000 g.
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The supernatant was removed after filtration using 0.2 µm nylone syringe filters (Fisherbrand,
cat no. 09-719-006) and placed in pre-weighed glass vials. Solvent was removed by placing glass
vials in oven at 55 ˚C for 48 h and then, weighed for recovered lipids. For long term lipids
storage, glass vials were covered with Parafilm and transferred to a freezer at -20 ˚C for further
analysis.
The quantified amount of extracted lipids of each feedstock provided the data to model the mass
transfer of lipid molecules from wet algal slurry to the solvent medium. Following the reaction
(Eq. 2) was used to perform the kinetics study:
Lipids in algae slurry + n-hexane solvent → lipid extracted in solvent
(2)
The detail mass transfer of lipids through water and solvent layers were discussed elsewhere(Tao
Dong et al., 2016; Halim, Danquah, & Webley, 2012). The reaction order and reaction rate
constant (k) were calculated by fitting the experimental data obtained from lipid extraction
experiments as explained in our prior study(Jose L. Garcia-Moscoso et al., 2015). Briefly, we
plotted Ct (for zeroth order), ln Ct (first order), 1/Ct (second order) versus extraction time, where
Ct was the grams of lipids available in the algae at time t. The reaction rate constant was obtained
from the slope of the plotted graph whose linearity was the best fit.
2.2.3 Hydrothermal liquefaction
For the HTL process, 6.1 g of each feedstock: freeze dried raw and BI of the Chlorella
v. microalgae, were added to 60 ml of Milli-Q water resulting in 9.4 ± 0.0 (± standard deviation)
and 9.5 ± 0.0 wt% solids content, respectively. The preference for Chlorella v. as the HTL
feedstock over the Nannochloropsis sp. and Scenedesmus sp. was due to its higher lipid content
and the fact that lipids have the most contribution to the biocrude yield. The experiments were
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carried out in duplicate for the BIs at 350 ˚C and 1 h of residence time as the most common
conditions for the HTL experiments(López Barreiro et al., 2013; Patel, Guo, Izadpanah, Shah, &
Hellgardt, 2016). A 31.5 ml stainless steel cylindrical reactor (High Pressure Equipment Co.)
equipped with pressure gauge (Omega Engineering, Inc.) and thermocouple (P/N: TJ36-CAXL116G-6, Omega Engineering, Inc.) was used to monitor the pressure and temperature throughout
the experiment. A fluidized sand bath (SBS-4, Techne) was used as a heating source equipped
with a temperature and flow controller (TC-9D, Techne). After the completion of the reaction,
the reactor was quenched in cold water for 5 min and left at room temperature for ~ 60 min to
equilibrate. Products were then transferred to a 50 ml centrifuge tube. The reactor was rinsed
with 20 ml of dichloromethane (in 3 ml portions) and transferred to the same centrifuge tube.
The mixture was then vortexed (3000 rpm for 1 min) and centrifuged (2000 g for 1 min) which
resulted in separation of aqueous fractions (on top) from the mixture of solids and organics (on
the bottom). The aqueous phase was removed, filtered using 1.5 µm glass microfiber filters
(Whatman), and transferred to preweighed vials. The solids and organic fraction were separated
with 0.45µm glass microfiber filters (Whatman) using vacuum filtration. The solid phase was
oven dried at 65 ˚C for 24 h. The organic phase was transferred to preweighed vials and the
dichloromethane was evaporated to dryness by flowing ultrapure nitrogen gas over the tubes for
approximately 8 h to calculate biocrude yield. The liquid products including biocrude, aqueous
phase, and solid residue were analysed for gravimetric yield and elemental composition.
Algal biomass (raw and BI), solid residue (char) formed after HTL process, and biocrude were
subjected to EA as explained in section 2.1, while total organic carbon/total nitrogen (TOC/TN)
analyser (TOC-VCSN, Shimadzu) equipped with an ASI-V auto sampler were used for the
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recovered aqueous phase. The following equations were used to calculate the yield and elemental
distribution on dry basis:
Yield (wt %) = mass of product fraction (g) / mass of alga (g) × 100%

(3)

Elemental distribution (%) = (mass of element in product fraction/mass of element in alga) ×
100% (4)
Higher heating value (HHV) of the biocrudes were estimated based on Dulong’s empirical
formula (Eq. 5):
HHV (MJ/kg) = 0.3383C + 1.422 − (H − O/8)
(5)
where, C, H, and O are the elemental percentages of the biocrude that were measured through
elemental analysis (Wei et al., 2017). Thermogravimetric analysis (TGA) of crude oil was
performed using TGA-50H (Shimadzu Corporation) from 25 ºC to 900 ºC in 50 ml/min nitrogen
gas flow at 10 ºC/min to estimate the boiling point range(Biller & Ross, 2011; W.-T. Chen et al.,
2014).
Cetane number (CN) is a measurement of the quality of diesel fuel that considers ignition delay
time and combustion quality (Stansell, Gray, & Sym, 2012). CN for this study was estimated
using models from the work of Stansell et al. (Stansell et al., 2012), who used a combination of
models from the work of Lapuerta et al. (Lapuerta, Rodríguez-Fernández, & de Mora, 2009) and
Tong et al. (Tong, Hu, Jiang, & Li, 2011). CNs were calculated using the following equations
where n is carbon number and db is double bond number:
For saturated fatty acids:
CN = -107.71 + 31.126n – 2.042n2 + 0.499n3
For mono-unsaturated fatty acids:

(6)
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CN = 109 − 9.292n + 0.354n2

(7)

For poly-unsaturated fatty acids:
CN = -21.157 + (7.965 − 1.785db + 0.235db2)n − 0.099n2

(8)

CN for the specific biodiesel/FAME is given by the following equation where CNi is cetane
number of each class and mi is mass percentage of each FAME in the biodiesel:
CN = 1.068 S (CNimi) – 6.747

(9)

3. Results and discussion
3.1 Elemental composition
The elemental composition of all three microalgae species were presented in the Table 1. As
demonstrated, the FH process resulted in biofuels intermediates with higher percentages of
carbon and hydrogen and reduced nitrogen content. BI of Chlorella v. showed approximately, 80
wt% less ash compared to the original untreated microalgae. This was similar to our prior study
on Nannochloropsis gaditana(A. Teymouri et al., 2017), which denotes the potential of FH as a
treatment process for high ash feedstocks.
Table 1. Microalgae characterization (raw/untreated and biofuels intermediates) used for this
study. All values are wt% (± standard deviation).
Algae Species

Treatment

Carbon

Nitrogen

Hydrogen

Ash

Raw

49.1 ± 0.3

7.3 ± 0.1

7.1 ± 0.1

4.5 ± 0.7

BI

55.5 ± 0.3

6.7 ± 0.3

7.6 ± 0.1

n/a

Raw

46.8 ± 0.2

7.9 ± 0.0

7.4 ± 0.1

11.0 ± 0.0

BI

61.8 ± 0.4

7.0 ± 0.3

8.4 ± 0.0

n/a

Raw

52.9 ± 0.7

2.8 ±0.9

7.9 ± 0.7

2.5 ± 0.6

BI

68.3 ± 0.2

2.6 ± 0.1

10.2 ± 0.0

0.5 ± 0.0

Scenedesmus sp.

Nannochloropsis sp.

Chlorella v.
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n/a: Not analyzed.
3.2 Lipid extraction
Data from the non-polar lipid (fatty acids) yield (Table 2) revealed that total extracted amounts
were significantly higher after the FH process. It increased about 2 and 3 times for Scenedesmus
sp. and Nannochloropsis sp., respectively; however, this number was much higher (32 times) for
the lipid-rich Chlorella v. microalgae. The cell wall composition of Chlorella v. includes
hemicellulose and saccharides that impede the release of intercellular lipids. Thus, the derived
lipid concentration is highly dependent on the effectiveness of the disruption process(Zheng et
al., 2011). This confirms the promising effect of FH as a treatment method on the algal cell
disruption for lipid recovery.
Table 2. Non-polar lipid yield of raw and BI microalgae selected for this study.
Algae Species

Non-polar lipid yield (wt%)
Raw

BI

Scenedesmus sp.

1.4 ± 0.2

2.9 ± 0.1

Nannochloropsis sp.

3.0 ± 0.1

8.6 ± 0.1

Chlorella v.

1.7 ± 0.2

53.8 ± 1.4

In order to model the mass transfer in the lipid extraction process from the wet algal biomass, lipid
yields from raw and BI of each algae species were compared in the range of 15−240 min of
extraction time (Figure 2).
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Figure 2. Lipid yields comparison of raw (green triangles) and biofuels intermediates/BI (orange
dots) of Chlorella v. (left) Nannochloropsis sp. (center), and Scenedesmus sp. (right), over time.
Error bars are the standard deviations.
Figure 2 shows, for all microalgae species throughout the extraction times, BI of each microalgae
produced higher lipid yields compared to raw/untreated algae. The yield was proportionally
higher for the algal biomass with high lipids content. In other words, the FH process had
substantial effect on lipid extractability of high lipid content microalgae such as Chlorella v. The
lipid yields of BI of Chlorella v. after 15 min extraction is more than 5 times than that of raw
algae after 4 h of extraction time (52.3 ± 0.8 vs. 10.7 ± 0.9 wt%). This is approximately a 16-fold
reduction in the extraction time in addition to the higher lipid yields. Table S1 (supplementary
information) presents the average lipid yields values of performed experiments for all three algal
species including standard deviations. Many other studies have also investigated the effect of
different pretreatment methods on the extraction efficiency of biomass(Lee, Cho, Chang, & Oh,
2017). A parametric study on lipid extraction after dilute acid pretreatment was conducted by
impact of biochemical composition on susceptibility of algal biomass to acid-catalyzed
pretreatment for sugar and lipid recovery(T. Dong et al., 2016). Cravotto et al. reported 50-500%
increase in the lipid yield and up to 10-fold reduction in extraction time using combined effects
of temperature, ultrasound, and microwave(Cravotto et al., 2008).
3.3 Lipid kinetics study
The rate constant (k) and reaction order of the lipid extractability of the three algal biomass are
reported in the Table 3. All algal species followed the zero-order reaction rate. This is different
from the first-order kinetics of lipid extraction from wet algal biomass that was previously
reported by Halim et al. studies(Halim et al., 2012; Halim et al., 2011).
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Table 3. Reaction orders and constants (k) of the three algal species.
Algae species

Reaction

Reaction constant,

Correlation

order

k

factor, r2

Raw

0

0.022

0.9737

BI

0

0.0325

0.9612

Raw

0

0.0256

0.9091

BI

2

0.0027

0.9411

Raw

0

0.043

0.975

BI

2

0.0021

0.9485

Scenedesmus sp.

Nannochloropsis sp.

Chlorella v.

Conversely, we observed different behavior for the lipid extraction from BI of the three algal
species. The susceptibility of biomass to pretreatment can be significantly affected by its
biochemical composition(T. Dong et al., 2016). As presented in the Table 3, lipid extraction from
the BI of Scenedesmus sp. followed a zero-order reaction rate, while this changed to a secondorder reaction rate for the BI of Nannochloropsis sp. and Chlorella vulgaris. For the raw biomass,
the extraction constant increased as the lipid content increased; however, there are multiple factors
affecting the k value such as agitation/mixing of the algal biomass, ratio of organic solvent to dried
microalgae, and the extraction temperature(Halim et al., 2012).
3.4 FAME analysis
In order to verify whether the FH process might have affected the quality of lipids, the FAME
profiles of the lipids from raw and BI of each microalga were compared in the Table 4.
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Table 4. Fatty acid compositions of lipids in raw and biofuels intermediates (BI) of Scenedesmus
sp., Nannochloropsis sp., and Chlorella v. microalgae. Values are weight percentage (wt%) of
each fatty acid with respect to the total FAME identified.
Scenedesmus sp.

Nannochloropsis sp.

Chlorella v.

raw

BI

raw

BI

Raw

BI

Total FAME (w/w)

5.4 ±0.1

7.6 ±0.1

10.9 ±0.2

12.9 ±0.5

28.3 ±0.1

62.8 ±0.0

C14:0

2.9

4.2

3.1

5.6

0.0

0.0

C16:0

24.4

38.3

15.8

29.9

24.4

25.7

C16:1

13.1

15.0

27.2

42.1

4.4

4.5

C16:2

3.0

1.9

0.5

0.4

2.4

2.3

C16:3

10.2

5.4

0.3

0.7

6.0

5.4

C16:4

1.5

0.6

0.0

0.0

2.0

1.7

C18:0

2.2

3.6

0.2

0.5

1.4

1.5

C18:1

10.6

14.2

3.6

5.9

23.6

23.8

C18:2

7.9

3.9

2.3

1.8

20.0

19.8

C18:3

22.0

6.8

0.1

0.1

14.0

12.4

C20:0

0.6

1.1

0.0

0.0

0.0

0.0

C20:3

0.0

0.0

1.4

0.7

0.0

0.0

C20:4

0.0

0.0

6.1

1.9

0.0

0.0

C20:5

0.0

0.0

38.1

9.1

0.0

0.0

Note: FAME with content less than 0.5% was not shown.
The BI showed 40.7, 18.3, and 121.9 wt% higher FAME content than the untreated microalgae
for Scenedesmus sp., Nannochloropsis sp., and Chlorella v., respectively. This was expected due
to the cell wall hydrolysis capability of subcritical water(Tao Dong et al., 2016). FFA is easier to
be extracted in an aqueous environment than bipolar phospholipids and FFA is a preferred
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biofuel precursor as well(Tao Dong et al., 2017); moreover, phospholipids are known to be
hydrolyzed to FFA under the FH condition(Levine, Pinnarat, & Savage, 2010). Another
observation is that the lipids extracted from the BIs had higher saturated fatty acids compared to
untreated microalgae. Among the three species, Nannochloropsis sp. showed the highest change
from 19.1 to 36.0 wt% and Chlorella v. contained the lowest change from 25.8 to 27.2 wt% of
total fatty acids identified. These saturated fatty acids are the most suitable for biofuels
production (Steriti, Rossi, Concas, & Cao, 2014). Poly unsaturated fatty acids (PUFA) such as
C16:4, C18:3, C20:3-5 decreased in the extracted lipids from the BI compared to the raw algae
feedstock. This is desirable since PUFA are known to be responsible for poor volatility, low
oxidation stability, and direction towards gum formation in some oilseed-derived
biodiesel(Halim et al., 2012).
3.5 Cetane number
Cetane number for diesel fuel in the United States is regulated at ≥ 40 and much higher in the
European Union (EU) at ≥ 51(Lapuerta et al., 2009). All algae species used in this study
confirms the regulations with respect to CN for the US and some for the EU. It is important to
note that in the cases of all algae species, Nannochloropsis sp., Scenedesmus sp., and Chlorella
v., the biofuels intermediate have a higher CN number with an 18%, 16 % and 2% CN increase
from raw algae to BI, respectively (Table 5). For BIs, the species with the smallest percentage of
unsaturated FA, Scenedesmus sp. yielded the higher CN although CN values were in the same
range. Stansell et al. (Stansell et al., 2012) reported CN of algae species by class which can be
compared to species used in this study. Eustigmatophycea, Cryptophycae, and Trebaouxiophycae
the classes of Nannochloropsis sp., Scenedesmus sp., and Chlorella v. had cetane numbers of
52.3, 45.6 and 46.3, respectively(Stansell et al., 2012). CNs calculated from biodiesel produced
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from this experiment suggest that biodiesel produced from biofuels intermediates result in a
higher quality fuel and that all biodiesel produced (from raw algae/biofuel intermediates)
exceeds the US regulations, making these species a promising candidate for biodiesel usage.
Table 5. Cetane numbers of raw and biofuels intermediates (BI) of three algal species used in
this study.
Algae species

Treatment

CN

Nannochloropsis sp.

Raw

47.2

Nannochloropsis sp.

BI

56.9

Scenedesmus sp.

Raw

48.2

Scenedesmus sp.

BI

56.1

Chlorella v.

Raw

49.1

Chlorella v.

BI

49.9

3.6 HTL of Chlorella v. microalgae (raw vs. BI)
As stated earlier, in order to further confirm the enhanced lipid extractability and quality of
biocrude from BIs, a typical HTL experiment was performed on the BI of Chlorella v. (Figure 3).
As demonstrated, product yields includes 68.9 ± 3.2 wt % of biocrude and a very low amount of
char (2.1 ± 0.3). Nevertheless, no similar studies on the biocrude yields from the HTL process on
the post-algae hydrolysis residue were found as a means of comparison.
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Figure 3. HTL product yields at 350 ºC and 1 h reaction time for BI of Chlorella v. microalgae.
Reported results are the average values of duplicate experiments ± standard deviation.
We performed a control HTL experiment with the untreated Chlorella v. microalgae to compare
the HTL product yields with the data provided in the literature at the same condition of our
experiment (Figure 4). As illustrated, the biocrude yield from the control HTL experiment is 43.3
wt%. This is similar to the Brown et al. study that conducted HTL on Nannochloropsis sp. with
similar lipids content at the same process conditions(Brown, Duan, & Savage, 2010). It is
expected that microalgae with various biochemical compositions result in different biocrude
yields (Sheehan & Savage, 2017) and the lipid fraction has the most contribution to biocrude
formation (Ross et al., 2010).
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Figure 4. Comparison of HTL product yields at 350 ºC and 1 h reaction time for the untreated
Chlorella v. microalgae as the control experiment (first bar from left) with data provided in the
literature for the same experimental conditions(Biller, Riley, & Ross, 2011; Biller & Ross, 2011;
Brown et al., 2010; Jena, Das, & Kastner, 2011; Jin, Duan, Xu, Wang, & Fan, 2013; Shakya,
Whelen, Adhikari, Mahadevan, & Neupane, 2015; Peter J. Valdez, Dickinson, & Savage, 2011;
P. J. Valdez, Nelson, Wang, Lin, & Savage, 2012).
This might be the reason for about 60 wt% higher biocrude yields in the BIs resulting from HTL
compared to the untreated microalgae. The biocrude yield and composition also depends on the
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loading concentration, temperature, residence time, and the use of catalyst (Chiaramonti, Prussi,
Buffi, Rizzo, & Pari, 2017). In addition, the quality of the recovered biocrude was always a
matter of concern due to high nitrogen content. The results from elemental analysis were shown
in the Table 6. As indicated in Table 6, the H/C atomic ratio of biocrude improved from 1.55 to
1.74. The N/C atomic ratio also decreased by about 50% to a lower value of 0.016. The oxygen
content of the biocrude had a marginal decrease of 0.2 wt%, which is probably the reason for the
higher heating value of biocrude yields from the BI feedstock (Table 6)(Wei et al., 2017). This
HHV value is higher than prior studies which ranged between 33−39 MJ/kg(Anastasakis & Ross,
2011; Biller & Ross, 2011).
Table 6. Elemental composition of the biocrude obtained through hydrothermal liquefaction of
Chlorella v. microalgae. All values are weight percentage ±standard deviation. The total values
are slightly (<1 wt%) above 100, since all elements are the averages of measured values.
C

N

H

O

H/C

N/C

HHV

(wt%)

(wt%)

(wt%)

(wt%)

(mol)

(mol)

(MJ/kg)

76.6 ±0.3

2.8 ±0.0

9.9 ±0.1

10.9 ±0.4

1.55

0.031

38.1

76.9 ±0.4

1.4 ±0.0

11.2 ±0.1

10.7 ±0.0

1.74

0.016

40.0

Biocrude sample

Biocrude from raw
Chlorella v.
Biocrude from the
BI of Chlorella v.

3.6.1 TGA of HTL biocrude
In order to evaluate the boiling point distribution of the biocrudes, TG analysis was performed.
Results from TGA were plotted in the Figure 5. This process can be interpreted as a miniature
distillation(W.-T. Chen et al., 2014).
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Figure 5. TGA comparison of biocrude recovered after hydrothermal liquefaction of raw (green
lines and dots) and biofuels intermediates, BI, (solid red line) of Chlorella v. The peaks in
derivative graph for raw and BI biocrude happened at 239.5 and 243.3 ºC, respectively.
The detailed comparison of biocrudes boiling point distribution is reported in Table 7. Biocrude
yield from the HTL experiment of BI showed higher weight loss as compared to that of raw
algae in the overall process under an inert environment (96.4 wt% compared to 91.5 wt%). This
indicates the higher presence of volatiles and less amount of residues in the biocrude. Losses
below 120 ˚C were due to drying of water and any remaining solvent. The HTL experiment on
the BI resulted in a lighter biocrude. A higher fraction of biocrude (65.7 wt% compared to 52.2
wt%) is suitable for jet fuel and diesel oil production.
Table 7. Boiling point distribution of the biocrudes (wt%).
Distillate range, ˚C Typical application of the coke oil (W.-T. Raw algae biocrude BI biocrude
Chen et al., 2014)
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20-110

Bottle gas and chemicals

2.1

1.2

110-200

Gasoline

15.8

14.9

200-300

Jet fuel, fuel for stoves, and diesel oil

52.2

65.7

300-400

Lubricating oil for engines, fuel for ships,

8.1

3.9

and machines
400-550

Lubricants and candles, fuel for ships

8.6

7.3

550-700

Fuel for ships, factories, and central

2.3

1.6

heating
700-800

Asphalt and roofing

1.2

0.8

800-900

Residues

1.1

0.8

3.6.2 Material balance
Another way to compare biocrude obtained from raw Chlorella v. and its BI, is the C, N, and H
elemental balance alongside the process (Figure 6). As illustrated, solid residues are much less
when BI is subjected to the HTL process. This is partially due to the FH contribution to the ash
diminution in the BI (A. Teymouri et al., 2017). Another interesting merit of the FH process
prior to the regular HTL is the capability to extract nutrients in the forms of amino acids and
soluble peptides in the hydrolysate (Jose L. Garcia-Moscoso et al., 2015). This integration (FH +
HTL) significantly reduced the nitrogen content in the biocrude. Comparing elemental balance in
the Figure 6, biocrude obtained from the raw algae (section a) carried up to 42.6 wt% of the total
nitrogen content of the original microalgae, versus only 11.3 wt% of that in the biocrude
obtained from BI (section b). Nitrogen content reduction in the biocrude is desirable to minimize
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the amount of NOx formation during combustion and to move forward with the catalytic
upgradation process (Anastasakis & Ross, 2011; Yu, Zhang, Schideman, Funk, & Wang, 2011).

Figure 6. CNH elemental balance and product yields after hydrothermal liquefaction of raw
Chlorella v. Microalgae (a) and its BI (b).
CNH weights in every stage is based on the total input weight of each element in the original
freeze dried (FD) algae. Weight percentages (wt%) shown in the parenthesis calculated as: grams
of the element recovered in that stage / grams of that element initially entered the system. CNH
values regarding gas and aqueous phase is excluded.
Although, the overall biocrude yield in the HTL of the untreated algae is higher, it is worth
considering the higher quality of biocrude obtained from the HTL of BI in addition to all other
potential high value bioproducts such as polyurethane foams, peptides, arginine, dittmerite, and
hydroxyapatite that could be recovered from the algal hydrolysate (Barbera et al., 2017; Jose
Luis Garcia-Moscoso et al., 2013; Jose L. Garcia-Moscoso et al., 2015; Kumar et al., 2014; Ali
Teymouri et al., 2017). A comprehensive life cycle assessment (LCA) and techno-economic
analysis (TEA) was performed in order to quantify environmental impacts and asses economic
profitability of this study(Bessette et al., 2018). The integrated FH-HTL process with the
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coproducts conversion technology (hydrothermal mineralization/HTM) indicated a 4% higher
profitability index (PI) compared with the standalone HTL model (Bessette et al., 2018).
4. Conclusions
This study investigated the effect of the flash hydrolysis (FH) process on the lipid extractability
of three microalgae species including Scenedesmus sp., Nannochloropsis sp., and Chlorella
vulgaris.
Results revealed that the FH process significantly improved the lipid extraction of wet algal
biomass by both reducing the extraction time and increasing the yield. Kinetics studies’ results
indicated that wet extraction of untreated algal biomass followed a zero-order reaction rate;
however, biofuels intermediates (BI) that recovered from FH at 280 ℃ and 10 s, followed a
second-order rate (BI of Scenedesmus sp. exceptionally followed zeroth order). Fatty acid profile
comparison of raw and BI of each microalga showed the contribution by FH in increasing the
percentage of saturated FAMEs in the profile. Biocrude yield via hydrothermal liquefaction of
Chlorella v. BI was higher (68.9 wt%) compared to the raw algae (43.3 wt%). It contained less
amounts of nitrogen, oxygen, and had a higher H/C ratio. TGA results also implied that the wt%
of jet fuel and diesel range distillate increased in the BI of Chlorella vulgaris.
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APPENDIX B: NUTRIENT RECOVERY FROM ALGAE USING WET OXIDATION
AND ION EXCHANGE
From the summer of 2019 to the summer of 2020, I worked with Dr. Jacob Krueger
(National Renewable Energy Laboratory) to submit the original manuscript Nutrient Recovery
from Algae Using Wet Oxidation and Ion Exchange to the ACS Sustainable Chemistry and
Engineering journal.
Mild Oxidative Treatment (MOT) has emerged as a promising candidate to valorize algal
protein by hydrolyzing proteins and oxidizing the liberated amino acids to carboxylic acids that
can be upgraded into fuel. Amine groups on amino acids are released into solution as NH3, which
is a valuable nutrient that must be recovered and recycled for economical algae cultivation. Feed
to MOT likely also contains phosphorus, another critical nutrient. Nutrient recycling is key in
optimizing the overall algae cultivation to fuel process and alleviating environmental concerns
such as accelerated eutrophication and toxicity to rivers and lakes. The purpose of this research
was to explore recovery nutrients N and P from a solution of biofuel-precursor carboxylic acids
using ion exchange. My contributions included partial design and carrying out all nutrient
recovery experiments (ion exchange of nutrients), PCF derivatization experiments and analytical
analysis (GC and UV spectrometer) for nutrients (N +P) and carboxylic acids, and preparation of
the manuscript. My previous background in algae cultivation/treatment and wastewater feedstock
(including HTC MSW AP) contributed to the success of these studies.
Adams, K. J.,Kruger, J. S, Hull, T.C., Christensen, E.D. Dong, T., & Philip, T.P. (2021).
Nutrient Recovery from Algae Using Wet Oxidation and Ion Exchange. (In preparation for ACS
Sustainable Chemistry and Engineering)
Abstract
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The recovery and reuse of nutrients is an economic and environmental necessity. Ion
exchange has been proposed as a cost effective and efficient process to remove N and P nutrients
from wastewater streams, particularly those that contain biofuel precursors; ion selectivity is a
key parameter to avoid simultaneous removal of the desired precursors, such as organic acids.
This study explores recovery of nutrients N and P from a solution of biofuel-precursor carboxylic
acids produced from oxidized algae protein products. The process used sequential cation
exchange over an Amberlite IR-120 resin and anion exchange over a Cl-form hydrotalcite
material. Nutrient recycle from biofuel precursor solutions is crucial from an environmental,
economic, and processing standpoint. The selective recovery of N and P from wet oxidation
product solutions via sequential ion exchange operations was demonstrated; N and P recovery
from the carboxylate solutions resulted in unoptimized yields of greater than 70%, while
maintaining approximately 90% of fuel precursor carboxylic acids in solution. In contrast,
selective precipitation of NH3 and PO4 using Mg and Ca did not perform well in either nutrient
recovery or carboxylic acid retention.
Keywords: Ion exchange, nutrient recycle, biofuel precursor, biomass, wet oxidation
Introduction
The majority (90%) of the world’s energy consumption is fueled by the fossil fuels
petroleum, coal and natural gas, and 96% of these resources are used in the transportation
sector(Serrano-Ruiz, West, & Dumesic, 2010). The United States Department of Energy
estimated that biomass has the capacity to displace 30% of the United States’ annual petroleum
consumption while having no effect on food and export demands, but advances in renewable
energy technology remain a critical area of research for environmental stewardship and
sustainability(Langholtz, Stokes, & Eaton, 2016). Biomass can be converted to biofuels through
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several pathways, including through chemical, thermochemical and/or biological operations.
These operations convert oxygen- and nitrogen-containing molecules into energy dense
hydrocarbon fuels.
Among potential biofuel intermediates, organic acids have been proposed as one of the
most cost effective and sustainable building blocks for the renewable fuels industry (Chang,
Kim, Kang, & Jeong, 2010; R. E. Davis et al., 2018; Gaertner, Serrano-Ruiz, Braden, &
Dumesic, 2010; Serrano-Ruiz et al., 2012; Serrano-Ruiz et al., 2010). C2-C5 carboxylates with
varying degrees of functionality can be produced with relatively high cost and carbon efficiency
from carbohydrates, then upgraded to hydrocarbons by ketonization and condensation to build
carbon chain length, and hydroprocessing to remove residual oxygen and other heteroatoms.
Serrano-Ruiz et al. investigated Pt/Nb2O5 as a catalyst to aid in the conversion of lactic acid
produced by fermentation and levulinic acid produced by chemical dehydration of biomass to
hydrocarbon fuel (Serrano-Ruiz et al., 2012). Lilga et al. also showed that levulinic acid could be
readily upgraded to hydrocarbons using a Ce-Zr(OH)4 catalyst. Gaertner et al. upgraded
butanoic, pentanoic and hexanoic acids and esters to fuels using a ceria-zirconia catalyst to
promote C-C coupling (Gaertner et al., 2010). Huo et al. also explored butanoic acid upgrading
to hydrocarbons and analyzed the fuel properties of the resulting product.
In each of these cases, especially those employing high-protein biomass, the recovery and
reuse of nutrients is an economic and environmental necessity. The growth of the human
population has increased demand for agricultural nutrients, poor management of which has
negatively affected the environment in multiple ways. Elevated concentrations of nutrients
(especially nitrogen and phosphorus) in waterbodies have led to eutrophication which have
adversely affected aquatic ecosystems (Johir, George, Vigneswaran, Kandasamy, & Grasmick,
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2011). The Haber-Bosch process responsible for ammonia production accounts for 1% of the
world’s energy consumption, implying that nitrogen loss significantly increases global energy
demand. Finally, phosphate (PO43-) rock used for fertilizer is estimated to have pass “peak
phosphorus” reserves (Johir et al., 2011; Williams, Zitomer, & Mayer, 2015), indicating that
exploitation of virgin phosphorus will become increasingly expensive and energy intensive.
Nitrogen is commonly removed from municipal wastewater streams through
nitrification/denitrification, air stripping, and adsorption processes, while phosphorus is removed
by precipitation and biological uptake. Many of these methods are suitable for the low ammonia
and phosphorus concentrations found in tertiary wastewaters but are less effective at higher
concentrations or the conditions found in biorefinery streams, e.g. the presence of carboxylic
acids that could interfere with adsorption or precipitation. Thus, ion exchange has been proposed
as a cost effective and efficient process to remove N and P nutrients from such streams(Ding &
Sartaj, 2016; Khosravi, Esmhosseini, & Khezri, 2014). In particular, ion exchange has shown
advantageous performance in terms of nutrient recovery yields, cost, selectivity, and operational
simplicity.
Ion exchange involves the reversible interchange of ions (anionic or cationic) through ion
exchange media (Ding & Sartaj, 2016). Two common classes of ion exchange media include
natural zeolites and synthetic resins. Natural zeolites are defined by their aluminosilicate cagelike structures which have high affinity for certain ions such as ammonium. Advantages of
zeolites include abundant natural reserves, low cost, high selectivity, and high ion exchange
capacity. Among the 50 known naturally occurring zeolites, clinoptilolite is highlighted for its
abundance in nature and high cation absorption affinity (Khosravi et al., 2014). Zeolites can also
be preconditioned by replacing surface ions to improve exchange capacity (Kocatürk-
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Schumacher, Bruun, Zwart, & Jensen, 2017). Ammonium adsorption on a variety of natural
zeolites has been shown to range from 2.7-30.6 mg/g (S. Wang & Peng, 2010). There are many
studies that have successfully used clinoptilolite for nutrient removal (Khosravi et al., 2014;
Kotoulas et al., 2019; S. Wang & Peng, 2010), and it has also been shown to remove both
ammonia nitrogen and phosphorus in the form of phosphate (Huo et al., 2012; L. Lin, Wan, Lee,
Lei, & Liu, 2014). Without regeneration, zeolites can also be considered as a substrate for slow
release fertilizer in soils (Kocatürk-Schumacher et al., 2017; Kotoulas et al., 2019; Tarpeh,
Udert, & Nelson, 2017).
Alternative ion exchange materials include synthetic resins, which can have longer life,
faster exchange rates and higher exchange capacity than zeolites due to a cross linked polymer
matrix structure. Lin et al. showed 100% ammonia removal from a 20 g/L synthetic ammonia
solution using Dowex HCR-S strong acid cationic resin (S. H. Lin & Wu, 1996). Amberlite
resins are also strong acid cation exchange resins with high exchange capacity and have been
shown to be an effective resin to remove ammonia nitrogen; however, there are only a few
studies using these resins for nitrogen removal (Ding & Sartaj, 2016). Other studies have used
Amberlite IR-120 to investigate the removal of aluminum, iron and manganese ions from
industrial wastes (Goher et al., 2015). The most recent study of ammonia removal by Amberlite
ion exchange resin evaluated and optimized the effects of certain parameters (pH, resin dose,
contact time, etc.) (Ding & Sartaj, 2016). The authors concluded that Amberlite is an effective
ion-exchange resin to treat wastewater containing high levels of ammonia concentration.
Potential disadvantages of synthetic resins include the need for separate anion and cation
exchange materials and lower suitability of the loaded resins as fertilizers. Additionally, while
anion exchange resins are commercially available, in the context of nutrient recovery from
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carboxylic acid-containing solutions they may not be suitable as resins tend to show a higher
affinity for the carboxylates than phosphate (Steigman et al., 1992).
A potential alternative anion exchange material is hydrotalcite and related minerals.
These materials are composed of positively charged brucite-like layers with anions (most
commonly CO3-2) located in the interlayers, and a general chemical structure Mg6Al2(OH)16CO3 
4H20(Miyata, 1983), though several metals can substitute for both Mg and Al, and several anions
can substitute for CO3-2 in the general “layered double hydroxide” structure. Hydrotalcites have
shown affinity towards certain monovalent anions in the following order: CO32- > SO42- > OH- >
F- > Cl- > Br-> NO3- > I- (Iyi, Matsumoto, Kaneko, & Kitamura, 2004; Miyata, 1983).
Hydrotalcite has been investigated for its role as an effective ion exchanger for phosphorus, as a
catalyst in a variety of applications, and for antacids in the medical field (Debecker, Gaigneaux,
& Busca, 2009; Deng & Shi, 2015; Kuzawa et al., 2006; Lazaridis, 2003; Ogata, Nagai, Kishida,
Nakamura, & Kawasaki, 2019; Ookubo, Ooi, & Hayashi, 1993; Pinnavaia, Chibwe, Constantino,
& Yun, 1995; Shin, Kim, Nam, & Moon, 1996; Tanaka, Tsukane, Matsuda, Imaoka, & Tamai,
2016; Tichit & Coq, 2003). Hydrotalcite’s unique structure has allowed it to demonstrate high
removal rates for phosphates, but not without modification(Terry, 2009). Carbonate ions are
difficult to anion exchange due to their high affinity to the double hydroxide structure(Miyata,
1983); therefore, addition of NaCl and acids have been used to deintercalate the carbonate ion to
facilitate easier ion exchange. The exchange of the chloride ion for the carbonate ion aids in
higher phosphate exchange rates (Iyi et al., 2004; Nobuo, Kentaro, Yoshiro, & Taki, 2005).
Nutrient-loaded hydrotalcites may also be suitable as slow release fertilizers (KocatürkSchumacher et al., 2017).
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Many studies have investigated ion exchange using model nitrogen solutions and
simulated wastewaters as feedstock(Ding & Sartaj, 2016; Huo et al., 2012; Williams et al.,
2015). However, for nutrient recovery from biofuel precursor solutions, ion selectivity is a key
parameter to avoid simultaneous removal of the desired precursors, such as organic acids. Some
studies have shown a positive correlation with nutrient uptake and little to no effect on
carboxylic acid recovery after cation exchange (T. Jorgensen & Weatherley, 2003; T. C.
Jorgensen & Weatherley, 2006). In particular, one study using simulated wastewater reported
that the presence of organic acids enhances the uptake of ammonia onto the ion exchange resins
(T. Jorgensen & Weatherley, 2003). However, fewer studies have explored selective anion
exchange to recover phosphate in the presence of carboxylic acid anions.
Thus, we were motivated to explore recovery nutrients N and P from a solution of
biofuel-precursor carboxylic acids. We hypothesized that N, which is likely present as NH4+ in
ammonium carboxylate salts, could be recovered by cation exchange, while phosphorus, which
is likely present as phosphate anions (PO43-), could be selectively recovered by anion exchange
on hydrotalcite. In particular, we were interested in the potential of hydrotalcites to show
selectivity for phosphate anions over carboxylate anions due to the higher charge of the
phosphate, which to our knowledge has not been explored.
Materials and methods
Ion exchange resins
Amberlite IR-120 and DOWEX-50WX2-200 resins and hydrotalcite were purchased from
Sigma-Aldrich. Zeolite Y (Hydrogen-form Faujasite, CBV-760) was obtained from Zeolyst.
Clinoptilolite was purchased from KMI Zeolite. All these materials were used without any
further modification. The hydrotalcite was initially in carbonate form, which was changed to
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chloride form by an ion exchange procedure, as previously reported (Iyi, Okamoto, Kaneko, &
Matsumoto; Kruger et al.). Briefly, 6 g of carbonate-form hydrotalcite was added to a flask and
wetted with ethanol before adding 500 mL of aqueous solution containing 2 M NaCl and 0.05 M
HCl. The suspension was sonicated for 5 min, the flask headspace was purged with N2, and the
solution was stirred overnight. The ion-exchanged hydrotalcite was filtered, rinsed with 3 x 50
mL nanopure water, and dried under N2 to avoid carbonate reintercalation by atmospheric CO2.
Conversion to the chloride form was confirmed by XRD by analysis of the 006 peak, which
shifted from 23.6 to 23.1 degrees 2 (Figure S1).
Ion exchange solutions
The solutions used for ion exchange were a model NH3 solution, an oxidized algal hydrolysate
(authentic carboxylate solution) and a simplified mock solution of a similar composition (mock
carboxylate solution). A 2 g/L model NH3 solution was prepared using ammonium hydroxide
(ACS Reagent grade, Sigma-Aldrich). The algal hydrolysate (authentic carboxylate solution) was
prepared from Scenedesmus IITRIND2 slurry by acid pretreatment at 190 °C, 0.09 g H2SO4/g
algae biomass, and 0.2 g algae biomass/g slurry at a 15 min treatment time. The soluble phase
from this pretreatment was subjected to a wet oxidation procedure using the following protocol:
the hydrolysate was diluted to 20 g/L; 24.5 mL of this diluted hydrolysate was loaded into a 75
mL Parr reactor and the reactor was sealed. The reactor headspace was purged with He, leak
checked, and de-pressurized to 1 bar He. A magnetic stirrer rotating at 800 rpm agitated the
mixture, and the reactor was heated to 225 °C, at which point 20 bar O2 was introduced. The
reaction proceeded for 60 min, and then was quenched in a tank of room-temperature water. The
oxidized solution contained primarily formic, acetic, and succinic acids, as well as soluble NH3
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and PO4, at concentrations described in Table 1. The mock solution was prepared at approximately
the same concentration of these components.
Table 1. Ion exchange solutions composition.
Component

Ammonia
Formic acid
Acetic acid
Propanoic acid
Glycolic acid
Isobutyric acid
Butyric acid
Valeric acid
Fumaric acid
Maleic acid
Levulinic acid
Succinic acid
Methyl succinic
acid
Pyrrolidine
Alanine
Proline
Valine
Leucine
Isoleucine
Aspartic acid
Glutamic acid
KH2PO4

Model NH3
solution
(g/L)
0.4-3.85 g/L
-

Model PO4 solution
(g/L)

Authentic carboxylate
solution (g/L)

Mock carboxylate
solution (g/L)

-

0.2702
0.607
0.757
0.056
0.253
0.007
0.004
0.002
0.027
0.033
0.043
0.134
0.020

0.577
0.617
1.127
0.068
0.179
0.187
-

-

.0156

0.011
0.007
0.003
0.002
0.006
0.003
0.021
0.065
0.607

0.617

Ion exchange
Cation exchange was conducted by loading solution and ion exchange material into a vial in the
ratio of 4 mL solution to 1 g ion exchange material and stirring at room temperature for the
desired amount of time. Anion exchange was conducted similarly except the ratio was 4 mL of
solution to 0.4 g Cl-form hydrotalcite and the slurry was stirred for 2 h. After both ion exchange
steps, the ion exchange material was filtered out and aliquots were collected for derivatization by
propylchoroformate (PCF) and GCMS analysis, ion chromatography for leachable PO4, and
nitrogen chemiluminescence.
Precipitation
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Precipitation with Mg and Ca ions was conducted by placing 15 mL of sample (authentic
carboxylate solution) and 5 mL of a solution containing 1 mM of Ca(NO3)2 or Mg(NO3)2 and
stirring for 15 min. The precipitated solutions were then filtered through a 0.2 um filter and
analyzed by PCF derivatization and GCMS, and by ion chromatography for leachable PO4.
Product analysis
Oxidized algae protein products, including amino acids and carboxylic acids, were analyzed by
PCF derivatization followed by GC-MS analysis using a manual version of the method
developed by Kaspar et al., (Hannelore Kaspar, Katja Dettmer, Wolfram Gronwald, & Peter J.
Oefner) except that propylchloroformate was used in place of a chloroform solution, pyridine
was used in place of picoline and diethyl ether was used in place of isooctane. These
modifications facilitated separation of derivatized formic and acetic acids from the solvent peaks.
The GC-MS analysis employed a 30 m, 0.25 mm ID RTX-50 capillary column, but otherwise
matched the parameters of Kaspar et al. (Hannelore Kaspar et al.). Total nitrogen was quantified
by combustion analysis or by N chemiluminescence (ASTM D4629), depending on the level.
Total phosphorus was determined by ICP after acid digestion (US EPA 200.7), and leachable
(soluble) phosphate was determined by ion chromatography (US EPA 300.1).
Results and Discussion
Nutrient Recovery
Ion Exchange
Nitrogen Recovery
Several ion exchange materials were initially surveyed, including Amberlite IR-120 and
DOWEX ion exchange resins, zeolite Y, and clinoptilolite. These materials were screened using
aqueous solutions of NH3 in concentrations ranging from 0.34-3.85 g/L. As shown in Figure 1,
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the DOWEX resin and zeolite Y had much lower ion exchange capacities than the Amberlite
resin, as they recovered less than 50% of the NH3 starting at an initial NH3 concentration of 0.34
g/L, while the Amberlite resin recovered NH3 quantitatively at an initial NH3 concentration of
1.27 g/L. The Amberlite resin also recovered more than 95% of the NH3 at a starting
concentration of 3.85 g/L. Clinoptilolite also had a higher exchange capacity than the DOWEX
resin and zeolite Y, but not as high as the Amberlite, recovering only 70% of the NH3 at a
starting concentration of 3.85 g/L. The clinoptilolite also took a much longer time to equilibrate;
adsorption was complete on the Amberlite resin within 15 min, while the clinoptilolite was not
fully equilibrated after 2 h. Neither the Amberlite resin nor the clinoptilolite significantly
decreased the acid concentrations in a mock carboxylate solution. Similar to the efficiencies
observed in the model solution containing only NH3, NH3 recovery from the mock carboxylate
solution was 100% and 76% after 30 min with the Amberlite resin and clinoptilolite, respectively
(Figure 2). Thus, because of the higher capacity and faster exchange of the Amberlite resin, we
selected this material for the authentic carboxylate solutions produced from the algae liquor.
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Figure 1. Ion exchange material screening using aqueous NH3 model solutions. Equilibration
times and NH3 uptake from aqueous solution containing only NH3.
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Figure 2. Ion exchange Amberlite (orange) and Clinoptilolite (grey) for ammonia recovery for the
mock carboxylate solution.

The reasons for the poorer performance of the clinoptilolite, even at the much lower initial NH3
concentration in the mock carboxylate solution, are not obvious. Manufacturer specifications for
both materials claim a similar ion exchange capacity (1.8 meq/mL bed volume for Amberlite—
equivalent to 2.4 meq/g—and 1.6-2.0 meq/g for clinoptilolite). It is possible that the carboxylates
interfered with NH3 uptake by introducing additional acid-base interactions with the NH3 and/or
the zeolite acid sites. In particular, carboxylate anions may compete for the proton on the acid
site, as has been observed at concentrations of citric acid as low as 0.15 g/L on cation exchange
resins(T. Jorgensen & Weatherley, 2003). Carboxylic acids have been used to dealuminate
zeolites, but under much harsher conditions(Chung, 2008).
Notably, neither the Amberlite resin nor the clinoptilolite zeolite significantly decreased
carboxylic acid concentrations in the mock carboxylate solution. Figure 3 shows total carboxylic
acid recovery for both Amberlite and clinoptilolite at the different time points. In both cases, the
total carboxylate concentration decreases from ~2 g/L to ~1.8 g/L over the course of two hours.
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Figure 3. Carboxylic acid recovery over Amberlite IR-120 resin and clinoptilolite from a mock
carboxylate solution containing ~2 g/L carboxylic acids in addition to NH3.
Phosphorus recovery
To recover phosphate, we initially explored both CO3-form and Cl-form hydrotalcite using a
mock PO4 solution. As shown in Table 2, the CO3 form does show some uptake of PO4, reducing
the PO4 concentration by roughly 30%, but the effect is much stronger with the Cl form, which
reduced the PO4 concentration by almost 88%.
Table 2. PO4 removal from a mock solution of KH2PO4 using hydrotalcite materials.
Sample
PO4 concentration (ppm)
Initial solution
15.6
After CO3-form hydrotalcite
10.8
After Cl-form hydrotalcite
1.9

Integrated nutrient recovery
Preparation of authentic carboxylate solution
One promising strategy for algal biomass valorization is Combined Algal Processing (CAP),
which uses dilute acid pretreatment and solvent extraction to fractionate algae into a lipid phase,
an aqueous phase, and a solid residue. The aqueous phase and solid residue contain most of the
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feed N and P as protein and phosphate, respectively. Much of the nitrogen is bound in protein,
but can be released as NH3 by wet oxidation, which concomitantly converts much of the protein
carbon into biofuel precursor carboxylic acids. In this study, we chose the aqueous liquor to
demonstrate the integrated nutrient recovery process. In addition to the recovery of these
elements for subsequent algae cultivation, N and P are well-known catalyst poisons that may
have a detrimental effect on catalytic processing.
Nutrient recovery
Table 3 shows that the oxidized algae liquor contains 0.69 g/L N, essentially all of which is
present as NH3, and 0.42 g/L PO4. Cation exchange using the same parameters described above
recovers 78.5% of the nitrogen, and subsequent anion exchange using Cl-form hydrotalcite
recovers 72.5% of the PO4. These recoveries are slightly lower than those reported above for the
mock solutions. The higher concentration of carboxylic acids (4.27 g/L in the authentic solution
compared to 2.18 g/L in the mock) may have contributed additional competition for exchange
sites. The presence of other soluble ash cations and anions may have also influenced the
adsorption equilibria. The uptake of these auxiliary ions is not necessarily detrimental to the
overall process as they can also serve as nutrients. Taken together, however, these results suggest
that further optimization is needed.
Table 3. Summary of nutrient recovery through wet oxidation, cation exchange over an Amberlite
IR-120 resin and anion exchange over Cl-form hydrotalcite. Total N, Protein N, and PO4 are
reported in g/L.
Scenedesmus extracted
Protein
liquor
Total N
N
PO4
N recovery
P recovery
Before wet oxidation
1.22
0.56
0.39
After wet oxidation
0.69
0.00
0.42
After cation exchange
0.15
ND
0.40
78.5%
After anion exchange
ND
ND
0.12
72.5%
Carboxylic acid recovery
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Importantly, neither of these ion exchange steps substantially reduces the carboxylic acid content
of the carboxylate solutions. Total ketonizable acids decrease from 4.27 g/L to 4.17 g/L after
cation exchange, for a recovery of 97.7% through the Amberlite resin. The acids decrease more
substantially through the anion exchange, from 4.17 g/L to 3.80 g/L, for a recovery of 91.1% in
this step, and reflecting the greater challenge of selectively recovering PO4 anions over
carboxylate anions. Through both ion exchange steps, the carboxylic acid recovery is
cumulatively 89.0%, demonstrating the effectiveness of ion exchange for selective recovery of N
and P from solutions containing carboxylate biofuel precursors.
Table 4. Carboxylic acid recovery after cation exchange over an Amberlite IR-120 resin and
anion exchange over Cl-form hydrotalcite. Carboxylic acid concentrations are reported in g/L.
Scenedesmus extracted liquor
Carboxylic acids
Carboxylic acid recovery
Before wet oxidation
After wet oxidation
4.27
After cation exchange
4.17
97.7%
After anion exchange
3.80
91.1%
Precipitation
As a point of comparison, we also investigated the selective precipitation of N and/or P the
addition of Mg and Ca before and after cation exchange was explored. These materials are
advantageous because the Mg and Ca phosphate salts are orders of magnitude less soluble than
the carboxylate salts. This authentic carboxylate solution contained 0.87 g/L N as NH3, 0.41 g/L
PO4, and 2.76 g/L total ketonizable carboxylic acids. As shown in Table 6, the precipitation was
less effective than ion exchange. Direct precipitation with Mg reduced the nitrogen concentration
(as NH3) in solution by 34%, but the PO4 concentration by only 4% Additionally, as shown in
Table 7, the carboxylic acid recovery in this approach was only 74.6%. Nitrogen recovery by
cation exchange was slightly higher than the previous batch, at 89.6%, but the carboxylic acid
yield was only 82.6%. The main acids affected were acetic, glycolic, and propanoic, which each
decreased by 30-40%. Conversely, the PO4 concentration increased to 0.51 g/L in the post-cation
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exchange solution, possibly due to reactions catalyzed by the acidic ion exchange resin.
Precipitation of PO4 after cation exchange by adding either Mg or Ca was mostly ineffective,
with Mg recovering only 5.9% of the leachable PO4, and Ca recovering only 25.5% of the
leachable PO4. However, carboxylic acid recovery with Ca was also decreased, at 86.0%,
compared to 97.4% when Mg is the precipitating agent. In this case, acetic acid decreased by
12%, methylsuccinic by 15%, and succinic by 29%. Despite these decreases, no precipitate was
observed in any of the solutions, suggesting that any precipitated particles were very fine or that
the compounds may have been bound in stable soluble complexes.
Table 6. Summary of nutrient recovery of N and P by direct precipitation or sequential cation
exchange and precipitation. Total N, Protein N, and PO4 are reported in g/L.
Scenedesmus extracted liquor
After wet oxidation
After direct precipitation with Mg
After cation exchange
After sequential precipitation with Mg
After sequential precipitation with Ca

Total N
0.87
0.58
0.09
0.11
0.11

Protein N
0.00
0.00
0.00
0.00
0.00

PO4
0.41
0.39
0.51
0.48
0.38

N recovery

P recovery

34.0%
89.6%

4.9%
5.9%
25.5%

Table 7. Summary of carboxylic acid recovery by direct precipitation or sequential cation
exchange and precipitation of nutrients. Carboxylic acid concentrations are reported in g/L.
Scenedesmus extracted liquor
Before wet oxidation
After wet oxidation
After direct precipitation with Mg
After cation exchange
After sequential precipitation with Mg
After sequential precipitation with Ca

Carboxylic acids

Carboxylic acid recovery

2.76
2.06
2.28
2.22
1.96

74.6%
82.6%
97.4%
86.0%

The reason for the poor performance of the precipitation is not clear, as the solubility of Mg and
Ca salts of the carboxylates and phosphates would suggest that a significant effect should be
observed at the concentrations of each present in the authentic carboxylate solution; however,
there are multiple possible explanations. The matrix may have inhibited precipitation kinetics or
equilibria. Odyakov and Zhizhina(Odyakov & Zhizhina, 2010) showed that Mg precipitation of
PO4 in the presence of NH3 happened within 15 min in the absence of carboxylic acids or in the
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presence of tartaric acid, but proceeded slowly over the course of 40 h in the presence of citric
acid. The range of carboxylic acids present in the authentic carboxylate solution may have
varying effects. A similar study conducted precipitation in the presence of organic acids (citric,
succinic, and acetic), and it was reported that P removal efficiency was most effected by citric
acid, followed by succinic and acetic acids(Song, Dai, Hu, Yu, & Qian, 2014). The authors
reasoned that the effects were due to complexation between the organic acids and cations (Mg2+
and NH4+) which inhibited P removal rates. Precipitation still occurred; however, there was a
suppression of monoammonium phosphate (MAP) crystallization reactions. The authentic
carboxylate solution contains acetic and succinic acid which could have contributed to the poor
precipitation by a similar mechanism in the present study. Another reason could be that
precipitation was not allowed to proceed for a sufficiently long enough time, though even in the
slowest case, Odyakov and Zhizhina observed that the PO4 was ~65% precipitated by 15 min.
Additionally, the solutions were filtered through a 0.2 mm filter prior to analysis. At the low
concentrations observed in the authentic carboxylate solution, the precipitates may have been
finer than 0.2 mm, and thus not removed by filtration.
Discussion
We have demonstrated that Amberlite IR-120 is an effective cation exchange resin for recovery
of NH3 in the absence and presence of carboxylic acids, including carboxylic acids in a biofuel
precursor solution produced via wet oxidation of lipid-extracted microalgae. We have also
demonstrated that Cl-form hydrotalcite is an effective anion exchange material for the recovery
of PO4 in the same solutions. The discovery that ion-exchanged hydrotalcites are selective
adsorbents of PO4 anions (or potentially HPO4 and H2PO4) in the presence of carboxylate anions
is significant and may indicate a new class of materials for nutrient recycle and wastewater
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remediation where residual carbon in the solution is desired as a feedstock for other applications.
Further improvements of the ion exchange step, both the conversion of the CO3 form to the Cl
form, and the Cl form to the PO4 form, should improve the prospect of these materials. For
example, it may be possible to directly synthesize Cl-form hydrotalcite instead of ionexchanging the CO3 form (Bontchev, Liu, Krumhansl, Voigt, & Nenoff, 2003; Stanimirova &
Kirov, 2003), which should improve process economics.
It is worth noting that an alternative to nutrient recovery from these solutions is to selectively
remove the carboxylic acids, and then convert the acids to fuels by a similar process train. This
alternative approach would then allow the nutrient-containing solutions to be recycled directly
(e.g. to an algae pond or a fermenter for other bioprocesses). However, the downstream recovery
of the carboxylic acids is also not trivial, and aqueous-phase ketonization can reduce the energy
intensity of these steps as well. This is especially true if the ketonization produces an organic
layer of hydrophobic ketones that self-separates from the aqueous layer. Aqueous-phase
ketonization typically requires metal and/or metal oxide catalysts with acid-base functionality,
and these catalysts would likely be poisoned if the desired nutrient species are not removed prior
to ketonization.
The carboxylate solutions employed in this work represents a proof-of-concept and will require
substantial optimization prior to deployment as a biofuel precursor. In particular, the
concentration of carboxylic acids (and organics in the oxidation feed stream) will need to be
increased for an economic process, and the selectivity of carboxylic acids should be directed
away from acetic acid, which produces mainly acetone during ketonization. However, when
cross-ketonized with other acids, acetic acid can produce methyl ketones, which are more
amenable to carbon chain-building condensation reactions than more sterically-hindered internal
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ketones. Thus, there likely exists an optimum acetic acid selectivity in the carboxylate profile.
These aspects of wet oxidation will be explored in detail in a separate manuscript.
Nitrogen recovery on a synthetic resin implies the need to regenerate the resin for recovery of the
NH3. The regeneration process has been demonstrated for many similar resins in numerous prior
publications, and typically employs an aqueous H2SO4 solution, eluting aqueous NH42SO4. A
preliminary experiment with the present resin showed the expected behavior and suggest that,
though the process was not optimized, it should proceed in the usual way. Due to the high ion
concentrations needed for effective intercalation of Cl into hydrotalcite, the PO4-loaded
hydrotalcite material may be better suited to other uses than regeneration, such as employment as
a slow-release fertilizer.
Conclusions
Nutrient recycle from biofuel precursor solutions is crucial from an environmental, economic,
and processing standpoint. Here we have demonstrated the selective recovery of N and P from
wet oxidation product solutions via sequential ion exchange operations. The recovery of N and P
from the carboxylate solutions resulted in unoptimized yields of greater than 70%, while
maintaining approximately 90% of fuel precursor carboxylic acids in solution. The process used
sequential cation exchange over an Amberlite IR-120 resin and anion exchange over a Cl-form
hydrotalcite material. In contrast, selective precipitation of NH3 and PO4 using Mg and Ca did
not perform well in either nutrient recovery or carboxylic acid retention.
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APPENDIX C: LIFE CYCLE ASSESSMENT SUPPORTING INFORMATION
Table C1 MSW composition in EASETECH
Fraction name
Total Wet Weight
TS (kg) (kg) Water (kg)
Sum
1000 689.8484
310.1516
Paper and carton containers 161 125.0970
35.9030
Clear glass
52
45.7704
6.2296
Beverage cans (aluminium)
95
87.1150
7.8850
Plastic bottles
185 165.5750
19.4250
Yard waste, flowers
72
37.2960
34.7040
Vegetable food waste
241
55.4300
185.5700
Wood
83
69.8030
13.1970
Rubber
34
31.3820
2.6180
Textiles
77
72.3800
4.6200
Fraction name
C fossil (kg)F (kg)
Ca (kg)
Sum
141.9388
0.0932
9.7007
Paper and carton containers
0.2577
0.0500
3.2775
Clear glass
0
0.0000
3.0987
Beverage cans (aluminium)
0
0.0000
0.0031
Plastic bottles
127.1616
0.0166
0.5199
Yard waste, flowers
0.320746
0.0037
0.7869
Vegetable food waste 0.132478
0.0055
0.3076
Wood
0.545859
0.0070
0.6729
Rubber
4.111042
0.0031
0.7155
Textiles
9.4094
0.0072
0.3185
Fraction name
N (kg)
Na (kg)
O (kg)
Sum
5.091255
1.8473
138.2491
Paper and carton containers
0.250194
0.0595
49.5384
Clear glass
0
1.0253
0.0000
Beverage cans (aluminium)
0
0.0144
0.0000
Plastic bottles
0.165575
0.2202
8.6099
Yard waste, flowers
0.55944
0.0352
9.6597
Vegetable food waste
1.05317
0.1729
21.8949
Wood
0.558424
0.0491
21.2899
Rubber
0.188292
0.0109
2.0681
Textiles
2.31616
0.2598
25.1882
Fraction name
Cd (kg)
Cr (kg)
Cu (kg)
Sum
0.000228
0.0566
0.1076
Paper and carton containers
1.23E-05
0.0041
0.0169
Clear glass
5.54E-06
0.0017
0.0002
Beverage cans (aluminium)
4.10E-05
0.0095
0.0777
Plastic bottles
5.70E-06
0.0040
0.0057
Yard waste, flowers
1.33E-05
0.0002
0.0008
Vegetable food waste 5.24E-06
0.0003
0.0007
Wood
2.38E-05
0.0024
0.0024
Rubber
8.63E-05
0.0001
0.0018
Textiles
3.52E-05
0.0344
0.0015

VS (kg)
505.6365
108.3340
0.0000
0.0000
155.4749
28.3450
52.5476
62.8227
28.3379
69.7743
Mn (kg)
0.5153
0.0046
0.0028
0.4478
0.0323
0.0043
0.0048
0.0173
0.0004
0.0011
P (kg)
0.4707
0.0161
0.0029
0.0096
0.0447
0.0738
0.1280
0.0191
0.0098
0.1665
Fe (kg)
30.9124
0.3640
0.0218
30.0547
0.3030
0.0552
0.0172
0.0660
0.0059
0.0246

Ash (kg)
184.2119
16.7630
45.7704
87.1150
10.1001
8.9510
2.8824
6.9803
3.0441
2.6057
H (kg)
42.7595
7.0054
0.0000
0.0000
18.7100
1.9394
3.6584
4.4674
2.6361
4.3428
S (kg)
1.0547
0.1251
0.0381
0.0026
0.1805
0.0709
0.1020
0.0584
0.1899
0.2873
Hg (kg)
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Energy (MJ)
13127.2740
1872.7021
0.0000
0.0000
6050.1105
501.6312
1014.3690
1324.8609
930.4763
1433.1240
K (kg)
1.6838
0.0468
0.1671
0.0141
0.0616
0.4737
0.7040
0.1480
0.0175
0.0511
Al (kg)
68.2481
1.6012
0.3140
54.7082
11.0604
0.0880
0.0571
0.3071
0.0483
0.0636
Mg (kg)
2.0002
0.1952
0.4431
1.0280
0.0743
0.0709
0.0671
0.0634
0.0288
0.0296

C bio (kg)
174.3570
51.1647
0.0000
0.0000
0.6391
15.7016
26.3293
35.8089
16.4128
28.3006
Cl (kg)
4.0285
0.0375
0.0000
0.0000
0.2815
0.1044
0.3104
0.0977
2.9436
0.2533
As (kg)
0.0011
0.0000
0.0001
0.0008
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
Mo (kg)
0.0013
0.0005
0.0001
0.0002
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

C bio and (kg)
49.1775
18.8896
0.0000
0.0000
0.0000
2.7226
23.4469
4.1184
0.0000
0.0000
Pb (kg)
0.0207
0.0014
0.0035
0.0016
0.0007
0.0009
0.0001
0.0013
0.0005
0.0108
Zn (kg)
0.2118
0.0104
0.0015
0.0088
0.0145
0.0078
0.0014
0.0304
0.1218
0.0153
Ni (kg)
0.0169
0.0035
0.0065
0.0053
0.0008
0.0001
0.0001
0.0003
0.0001
0.0001

159

Table C2 Emissions from landfilling with energy recovery in EASETECH
Name
Unit
Sum
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, from soil or biomass stock
Carbon monoxide, fossil
Carbon monoxide, fossil
Carbon monoxide, fossil
Carbon monoxide, fossil
Chloroform
Chloroform
Chloroform
Dinitrogen monoxide
Dinitrogen monoxide
Dinitrogen monoxide
Dinitrogen monoxide
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113
Ethane, 1,1-difluoro-, HFC-152a
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, hexafluoro-, HFC-116
Ethane, hexafluoro-, HFC-116
Ethane, pentafluoro-, HFC-125
Fluorine
Fluorine
Fluorine
Fluorine
Methane, bromo-, Halon 1001
Methane, bromochlorodifluoro-, Halon 1211
Methane, bromotrifluoro-, Halon 1301
Methane, bromotrifluoro-, Halon 1301
Methane, bromotrifluoro-, Halon 1301
Methane, chlorodifluoro-, HCFC-22
Methane, chlorodifluoro-, HCFC-22
Methane, chlorodifluoro-, HCFC-22
Methane, chlorotrifluoro-, CFC-13
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorofluoro-, HCFC-21
Methane, dichlorofluoro-, HCFC-21
Methane, difluoro-, HFC-32
Methane, fossil
Methane, fossil
Methane, fossil
Methane, fossil
Methane, monochloro-, R-40
Methane, monochloro-, R-40
Methane, monochloro-, R-40
Methane, non-fossil
Methane, non-fossil
Methane, non-fossil
Methane, tetrachloro-, R-10
Methane, tetrachloro-, R-10
Methane, tetrafluoro-, R-14
Methane, tetrafluoro-, R-14
Methane, trichlorofluoro-, CFC-11
Methane, trichlorofluoro-, CFC-11
Methane, trifluoro-, HFC-23
Methane, trifluoro-, HFC-23
Nitrogen fluoride
Sulfur hexafluoride
Sulfur hexafluoride

Compartment Sub compartment

air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
water
water
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air

unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
urban air close to ground
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
non-urban air or from high stacks
urban air close to ground
unspecified
urban air close to ground
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
unspecified
unspecified
urban air close to ground
non-urban air or from high stacks
low population density, long-term
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
unspecified
unspecified
surface water
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
urban air close to ground
unspecified
unspecified
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
unspecified
non-urban air or from high stacks
urban air close to ground
unspecified
unspecified
urban air close to ground
unspecified
urban air close to ground
unspecified
urban air close to ground
unspecified
unspecified
non-urban air or from high stacks

IPCC 2007, climate change, GWP 100a with LT_updated
kg CO2-Eq
-183.670067
-508.6278364
-0.015697684
-0.292793555
-1.85E-09
-2.88E-06
0
0
0
0
-2.42E-10
0.000350906
-6.68E-12
-0.208571833
-0.000663167
-0.001029843
-5.24E-12
-6.19E-06
-5.30E-10
-1.66E-08
-4.35E-08
-6.42E-12
-8.66E-10
0.139021664
-1.18E-09
-0.018475781
-1.89E-06
-2.21E-05
-1.22E-07
-1.57E-05
0
0
0
0
-9.15E-19
-6.09E-06
1.71E-11
-3.52E-13
-4.20E-06
0.203316511
-1.23E-08
-1.08E-06
5.92E-09
0.006264342
1.67E-13
-1.12E-07
-1.97E-11
-5.54E-12
2.270790816
-7.96E-09
-5.56E-09
-1.59E-13
0.057194336
-4.55E-07
-1.150275056
-0.000368361
-0.014277657
-7.33E-13
-4.90E-12
-1.51E-11
0.000140407
-1.37E-06
323.8190435
-9.57E-05
-5.65E-07
0.002409187
-0.000276203
-3.61E-09
0.16237937
-8.12E-12
-0.000455255
-4.96E-09
-3.19E-06
-9.54E-05
-2.03E-08
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Table C3 Emissions from incineration in EASETECH
Name
Unit
Sum
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, from soil or biomass stock
Carbon monoxide, fossil
Carbon monoxide, fossil
Carbon monoxide, fossil
Carbon monoxide, fossil
Chloroform
Chloroform
Chloroform
Dinitrogen monoxide
Dinitrogen monoxide
Dinitrogen monoxide
Dinitrogen monoxide
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113
Ethane, 1,1-difluoro-, HFC-152a
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, hexafluoro-, HFC-116
Ethane, hexafluoro-, HFC-116
Ethane, pentafluoro-, HFC-125
Fluorine
Fluorine
Fluorine
Fluorine
Methane, bromo-, Halon 1001
Methane, bromochlorodifluoro-, Halon 1211
Methane, bromotrifluoro-, Halon 1301
Methane, bromotrifluoro-, Halon 1301
Methane, bromotrifluoro-, Halon 1301
Methane, chlorodifluoro-, HCFC-22
Methane, chlorodifluoro-, HCFC-22
Methane, chlorodifluoro-, HCFC-22
Methane, chlorotrifluoro-, CFC-13
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorofluoro-, HCFC-21
Methane, difluoro-, HFC-32
Methane, fossil
Methane, fossil
Methane, fossil
Methane, fossil
Methane, monochloro-, R-40
Methane, monochloro-, R-40
Methane, non-fossil
Methane, non-fossil
Methane, non-fossil
Methane, tetrachloro-, R-10
Methane, tetrachloro-, R-10
Methane, tetrafluoro-, R-14
Methane, tetrafluoro-, R-14
Methane, trichlorofluoro-, CFC-11
Methane, trichlorofluoro-, CFC-11
Methane, trifluoro-, HFC-23
Methane, trifluoro-, HFC-23
Nitrogen fluoride
Sulfur hexafluoride
Sulfur hexafluoride

Compartment Sub compartment

air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
water
water
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air

unspecified
non-urban air or from high stacks
urban air close to ground
lower stratosphere + upper troposphere
non-urban air or from high stacks
non-urban air or from high stacks
unspecified
urban air close to ground
lower stratosphere + upper troposphere
urban air close to ground
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
non-urban air or from high stacks
urban air close to ground
urban air close to ground
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
unspecified
unspecified
urban air close to ground
non-urban air or from high stacks
low population density, long-term
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
unspecified
unspecified
surface water
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
urban air close to ground
unspecified
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
urban air close to ground
non-urban air or from high stacks
urban air close to ground
unspecified
non-urban air or from high stacks
urban air close to ground
unspecified
unspecified
urban air close to ground
unspecified
urban air close to ground
unspecified
urban air close to ground
unspecified
unspecified
non-urban air or from high stacks

IPCC 2007, climate change, GWP 100a with LT_updated
kg CO2-Eq
-0.317646573
-496.4418302
515.3196619
-0.246771752
-2.90E-08
-4.53E-05
0
0
0
0
-3.80E-09
-3.29E-17
-1.05E-10
-2.831753363
-0.010423935
-0.016187505
-8.24E-11
-8.59E-05
-8.32E-09
-2.61E-07
-5.61E-07
-1.01E-10
-1.36E-08
-1.85E-08
-0.237929756
-2.97E-05
-0.00047867
-1.91E-06
-0.000202636
0
0
0
0
-1.44E-17
-9.58E-05
9.72E-06
-5.53E-12
-6.60E-05
2.16E-05
-1.94E-07
-1.69E-05
0.000250678
4.82E-09
9.47E-08
-1.75E-06
-3.10E-10
-8.71E-11
0.000302193
-1.25E-07
-8.74E-08
-2.50E-12
-5.86E-06
-15.60928864
-0.005790062
-0.224424145
-1.15E-11
-7.70E-11
-2.38E-10
-2.16E-05
-0.000170386
-0.001504761
-8.89E-06
-1.20E-12
-0.00396613
-5.67E-08
0.000612509
-1.28E-10
-0.005871689
-7.80E-08
-4.11E-05
-0.001489257
-3.20E-07
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Table C4 Emissions from HTC + AD in EASETECH
Name
Unit
Sum
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, fossil
Carbon dioxide, from soil or biomass stock
Carbon monoxide, fossil
Carbon monoxide, fossil
Carbon monoxide, fossil
Carbon monoxide, fossil
Chloroform
Chloroform
Chloroform
Dinitrogen monoxide
Dinitrogen monoxide
Dinitrogen monoxide
Dinitrogen monoxide
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,1-trichloro-, HCFC-140
Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113
Ethane, 1,1-difluoro-, HFC-152a
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114
Ethane, hexafluoro-, HFC-116
Ethane, hexafluoro-, HFC-116
Ethane, pentafluoro-, HFC-125
Fluorine
Fluorine
Fluorine
Fluorine
Methane, bromo-, Halon 1001
Methane, bromochlorodifluoro-, Halon 1211
Methane, bromotrifluoro-, Halon 1301
Methane, bromotrifluoro-, Halon 1301
Methane, bromotrifluoro-, Halon 1301
Methane, chlorodifluoro-, HCFC-22
Methane, chlorodifluoro-, HCFC-22
Methane, chlorodifluoro-, HCFC-22
Methane, chlorotrifluoro-, CFC-13
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichloro-, HCC-30
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorodifluoro-, CFC-12
Methane, dichlorofluoro-, HCFC-21
Methane, difluoro-, HFC-32
Methane, fossil
Methane, fossil
Methane, fossil
Methane, fossil
Methane, monochloro-, R-40
Methane, monochloro-, R-40
Methane, non-fossil
Methane, non-fossil
Methane, non-fossil
Methane, tetrachloro-, R-10
Methane, tetrachloro-, R-10
Methane, tetrafluoro-, R-14
Methane, tetrafluoro-, R-14
Methane, trichlorofluoro-, CFC-11
Methane, trichlorofluoro-, CFC-11
Methane, trifluoro-, HFC-23
Methane, trifluoro-, HFC-23
Nitrogen fluoride
Sulfur hexafluoride
Sulfur hexafluoride

Compartment Sub compartment

air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
water
water
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air
air

unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
non-urban air or from high stacks
unspecified
non-urban air or from high stacks
urban air close to ground
lower stratosphere + upper troposphere
urban air close to ground
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
non-urban air or from high stacks
urban air close to ground
urban air close to ground
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
unspecified
unspecified
urban air close to ground
non-urban air or from high stacks
low population density, long-term
unspecified
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
unspecified
unspecified
unspecified
surface water
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
urban air close to ground
unspecified
unspecified
urban air close to ground
non-urban air or from high stacks
lower stratosphere + upper troposphere
urban air close to ground
non-urban air or from high stacks
unspecified
urban air close to ground
non-urban air or from high stacks
urban air close to ground
unspecified
unspecified
urban air close to ground
unspecified
urban air close to ground
unspecified
urban air close to ground
unspecified
unspecified
non-urban air or from high stacks

IPCC 2007, climate change, GWP 100a with LT_updated
kg CO2-Eq
-119.062903
-133.2183711
-0.205784493
-3.837846905
-2.42E-08
-3.77E-05
0
0
0
0
-3.17E-09
-2.74E-17
-8.75E-11
-0.369659663
-0.008692584
-0.01349886
-6.87E-11
-2.74E-05
-6.94E-09
-2.18E-07
1.08E-08
-8.41E-11
-1.14E-08
-1.54E-08
0.005372788
-2.48E-05
-0.000346228
-1.59E-06
3.90E-06
0
0
0
0
-1.20E-17
-7.99E-05
5.81E-06
-4.61E-12
-5.50E-05
3.34E-05
-1.61E-07
-1.41E-05
0.000149949
2.90E-09
5.67E-08
-1.46E-06
-2.58E-10
-7.26E-11
0.000180765
-1.04E-07
-7.28E-08
-2.09E-12
1.13E-07
1.069047737
-0.004828368
-0.187148685
-9.61E-12
-6.42E-11
-1.98E-10
17.71258331
-1.80E-05
-0.00125483
-7.41E-06
-9.98E-13
-0.001858718
-4.73E-08
0.000366388
-1.06E-10
0.000113056
-6.50E-08
7.89E-07
-0.001202365
-2.66E-07
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APPENDIX D: LABORATORY PROTOCOLS
This section serves as a transfer of knowledge for certain protocols used for experimentation. It
in no way serves as a substitute for the original manuals provided by the manufacturers;
however, it can be used alongside them as a guide for operation and set up.
AMPTS II BMP Protocol for HTC MSW AP
It is advised to follow the protocol listed in the manual provided by the manufacture; however,
these are useful steps in operation of the AMPTS II BMP system and calculations particularly for
an aqueous feedstock.
Basic steps
1. Screen sludge with filter; test TS, VS, and pH
2. Weight out sludge in bottles
3. Add aqueous phase (or substrate) to bottles
4. Purge bottles with nitrogen for 1 minute
5. Place motor stops on
6. Place red stop cocks on
7. Connect tubbing to measuring device OR NaOH solution bottles (for CH4 only)
8. Start motors from software
9. Start experiments from software
10. Say a prayer and relax :)
Manual liquid displacement AD system
On the off chance that the automatic system is not working, a manual water displacement unit
can be constructed. Below are the basic principles of making this system.
Basic steps
1. Weigh out desired amount of HTC MSW liquid phase into 500mL glass bottle (using
from AMPT system)
2. Add NaCO3 to bottle to control acidic pH during process
3. Add desired amount of sludge to bottle (100-200mL)
4. Fill with DI water to the 200-250mL line (~200 mL of headspace)
5. Purge with N2 for 1 minute to ensure anaerobic conditions on the headspace of the
batches
6. Bottles are placed in a heated water bath shaker at 35 °C and RPM=60 for 15 days
Water displacement system will be 4 bins with 3 inverted graduate cylinders (for triplicate)
similar to what is shown in the pictures below.

Biogas calculations (for manual system)
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Collecting/measuring mL of gases produced=water vapor+ CO2 + CH4
Correction for H2O vapor and normal conditions (0 ˚C and 1 atm):
Ptotal= Pbiogas + Pwater
At 25˚C Pwater = 0.0313 atm
Pbiogas = 1-0.0313 = 0.9687 atm
(P1 * V1) / T1 = (P2 * V2) / T2
V2 = (P1 * V1 * T2) / (T1 * P2) = (0.9687 atm * L biogas produced* 273 ˚K) / (298 ˚K * 1 atm)
HTC MSW Reactor Protocol
1. Weight out MSW simulation feedstock
2. Add DI water (20% moisture)
3. Run HTC at desired temperature
4. AFTER HTC
a. Recover HTC liquid + solid mixture from reactor in beaker
b. Recover remaining solids on reactor with DI water (recovery solids)
5. Take pH of mixture (quick test with strips)
6. Filter liquid+ solid mixture with vacuum filtration
7. Dry solids in oven for 48hrs in 105° C oven
8. EA of dry solids
9. TOC/TN of liquid phase
After HTC-Phase
SOLID

LIQUID

Testing
•
•
•
•
•
•
•
•
•

GAS

•
•

HTC Isothermal/Subcritical Conditions Calculations:
http://webbook.nist.gov/chemistry/fluid/
1. Reaction Temperature ________ °C

Elemental Analysis (CHNS)
HHV (Dulong Equation)
Recovered weight (oven and moisture)
TS/TSS/VSS/Ash
Volume (original/recovery)
TOC/TN (Analyzer) of filtered liquid
(and recovery)
pH
COD (Hach kits)
Store in freezer in __________ bottles at
____ °C
Back calculate amount with pressure
remaining after reaction___
Collect with gas bag and run in GC**
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2. Find the density of water at desired T (ex. 280° C)
• Subcritical conditions P= 930.65 psia and density of water=0.75033 g/ml
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𝒎𝒂𝒔𝒔

𝒈𝒓𝒂𝒎𝒔

𝒙

•

𝒑 = 𝒗𝒐𝒍𝒖𝒎𝒆 = 𝟎. 𝟕𝟓𝟏𝟎𝟑

•

𝑥= 390.5 g= mass of H2O at 1000psi @ 280 ° C

•

@ room T pH2O= 1Kg/m3 therefore 390.5 mL of H2O is the total volume of water in
the reactor to achieve subcritical conditions for 280° C

•

Be sure to subtract any additional moisture from the feedstock

𝒎𝒍

= 𝟓𝟐𝟎 𝒎𝒍 (𝑽𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒓𝒆𝒂𝒄𝒕𝒐𝒓)

Examples:
Temperature (°C)

Density of water for
subcritical conditions
(g/ml)

Total V water in reactor
(ml)

220

Min psi=336
For 600 psi p=0.84182
Min psi=576
For 800 psi p=0.80068
g/ml
Min psi=930
For 1200 psi=0.75333 g/ml
Min psi= 1430
For 1600 psi=0.69381 g/ml

438
(440)
417
(420)

250

280
310

392
(395)
361
(365)

Thermogravimetric Analyzer (TGA)
This is a simple start guide for TGA operation and should be accompanied by the manual.
Contacting technical support is also advised for assistance.
Turning on instrument
1. Turn the instrument on (on side of instrument)
2. Turn on airflow (look on side of instrument for 20 ml/min)
3. Connect TGA to computer
Balance
1. Get balance in zero range with counterbalance on top on the instrument by placing tin on
front balance and pre-weighed tin plates on counterbalance
2. After zeroing press AUTO ZERO →ENTER
On computer software
1. On the program press TGA→ measure tab → measure
2. Setting parameters→ temperature program→file info
Notes:
• Crush sample very well to powder form (before placing in pan)
• Range of sample weight should be 5-20mg; target is 10 mg
3. Measure sample (can take tin off balance to do so)
4. Press up button on instrument for furnace to go →read weight
5. Press START on computer (and enter information); file name, save
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6. Read weight→Start→page will turn RED (means instrument is starting analysis)
Notes:
• Red line-measuring weight (on graph)
• Green line-recording temperature (on graph)
7. Put the blower on control mode to cool down the furnace after experiment is done
**TGA record mass change over a certain temperature; for most accurate results, area should be
clear of interference)
Analyzing data on TGA
1. On desktop click TA 60
2. Open TGA file
3. View tab→display parameters
4. Change data label to Temp
5. X-axis unit→Temp (C) (data label remove check for temp. and leave check for TGA)
6. Hit “ok”
Getting raw data from TGA
1. Click on file (load it up)
2. Save as ASCII file (TXT)
3. Data will come up
Elemental Analyzer (BRL)
This is a simple start guide for EA operation and should be accompanied by the manual.
Contacting technical support is also advised for assistance. The EA uses combustion of dried
biomass to calculate elements (CHNS and O). The left column measures CHNS and the left
measures O.
1. Turning on instrument
• Cut switch on in the back
• Turn on He and O2 gas (both should read 250 kPa on instrument)
• On computer click EA (EagerXperience)→choose analysis type (e.g. CHNS)
2. EA Warm Up (from stand-by)
• Click VIEW
• View EA status
• On standby the temperature is ½ of normal operating conditions (950 ℃)
• Right furnace should be off
3. Editing EA parameters
• Click Edit EA parameters
• Uncheck right furnace
• Left furnace (950 ℃) and oven (65 ℃) should be checked
• Click SEND (sends information to instrument)
• Note: leave instrument ~2h for stabilization
• Click “no” when asked to save
• After stabilization go back to “view EA” to make sure running properly
• Should perform a leak test to make sure all gases are flowing properly
4. Editing sample table
• Click Sample table → edit sample table→clear sample table→ok
• Edit sample→fill sample table
• In prompt fill table with as many cells needed (e.g. 50 samples)

167

•

**Important: after filling in samples click on the last cell that is not filled and
insert an empty line by clicking edit sample table→insert empty line; this tells the
instrument where to stop the analysis
5. Saving sample table-you want to save periodically after each step so every is properly
logged into instrument
• Click “OK” on bottom right corner of sample table
• Click File→save method→flash data→create a folder with your name for your
files→save→put method in folder
• Note: the method is what the instrument uses to run the analysis
6. Measuring and logging samples (swiping scale procedure)
• Go back to your sample table file→edit sample table
• Turn on scale
• Place tin inside
• LEFT swipe over left sensor to tare
• Measure out desired amount
• Fold tin
• Place back in to check weight
• RIGHT swipe to get final weight (will appear in black)
• Place tin in sample tray
• Repeat for other samples
• Set table up with (bypass, blank, standards, and unknowns (samples)
• Manually enter in recorded weights
7. Recalculation-for each EA run you will need to perform this recalculation step
• File→save method (because now updated with your samples)
• Click→recalculation→Reset →ok→ok
• Save again
8. To start instrument
• Place samples in auto sampler
• Click green ball (start) on software (make sure to save one last time and view EA
status)
• Click (check) “force to standby”
• To view the sample running click “view sample being acquired”
9. Viewing data after analysis
• You want to check the calibration curve before viewing results as a check for
proper operation of the analysis
• Click View→Calibration curve (can be seen by different element and points can
be taken out if needed)
• Click recalculation→summarize results
• Results can be group together for averages
• Click show summary sheet of all groups
• Save as excel file and export
Important notes:
• CHNS uses tin cups, O2 uses silver cups
• Typically, calibration standard (mg): 0.5, 0.8, 1.2, 1.6, 2 (5 points)
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•
•
•
•
•

Typical sample amount is 1 mg
Make sure all biomass samples are DRY (water even from air could influence your
results)
CEE Elantech (EA company) had amazing technical support, call the number located on
the side of the instrument as ask for technical support
EA columns need monthly maintenance and will need to be changed
Keep a close eye on EA materials and order BEFORE needed
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